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HIGH LIGHTS ee 


The War and the Electrical Engineer. 
Underlying both technical and general ses- 
sions of the recent Northeastern District 
meeting was the ever-present fact of the 
war and its impact on the lives and work of 
electrical engineers in particular. The con- 
version of electrical engineering to the 
specialized needs and increased tempo of 
war production was described by an engi- 
neering executive (pages 283-5). The role 
of electrical research in this war was com- 
pared with its relatively limited contri- 
butions in World War I and an attempt 
made to evaluate the long-term losses and 
potential gains of the wartime shift in 
emphasis (pages 285-8). In a talk ad- 
dressed to the student convention held in 
connection with the District meeting, some 
of the war’s effects upon the industrial 
careers of young engineers were considered 
(pages 287-2). Other features of the North 
Eastern District meeting, described in the 
keynote address as picturing “‘the engineer 
in war and in the peace to come,” are re- 
ported in the Institute Activities section 
(pages 314-16). The war services of the 
Institute are discussed in a report on “ATEE 
Progress” presented by the national secre- 
tary (pages 316-17). The use of substitutes 
to conserve critical materials was the theme 
of a particularly timely conference (pages 
317-20). 


A-C Applications on Warships. The use 
of alternating current for propelling large 
naval vessels presented obvious advantages; 
the more recent change from direct to 
alternating current for auxiliary power sys- 
tems, while involving more problems, has 
justified itself in operation. Some of the 
major problems were selection of satis- 
factory operating voltages; introduction of 
protective devices, voltage regulators, and 
transformers ; adaptation of industrial equip- 
ment to naval needs; development of test- 
ing and specifications. These and other 
problems, with the solutions developed, are 
discussed in detail in this issue and the 
ship’s service equipment on a modern bat- 
tleship is described (pages 289-302). 


Transient Conditions in Synchronous 
Machines. Magnetic saturation in the 
iron circuits, particularly of the main flux 
in the rotor poles, substantially determines 
the performance of synchronous machines 
in the transient state. By combinations of 
the voltage—current equations for the elec- 
tric and magnetic circuits, a rigorous rela- 
tion has been developed for the change with 
time of the electromotive force, which can 
be represented by a graphical construc- 
tion (Transactions pages 297-306). 


High-Speed Reclosing. The application 
of high-speed reclosing circuit breakers to 
transmission systems has been analyzed for 
several typical arrangements and condi- 


tions, including effect of system inertia, 
line length, intermediate switching stations, 
types of faults, fault duration, and de- 
energization time; data are presented 
showing the general conditions favorable 
to various types of reclosing equipment 
(Transactions pages 339-48). 


Long-Scale Indicating Instruments. The 
importance of scales longer than the 90 
angular degrees in electrical indicating 
instruments has been shown by the use of 
longer scales in nonelectrical instruments 
and the production of several long-scale 
electrical instruments in England; a com- 
plete group of 41/,- by 4!/,-inch rectangular 
instruments with scale lengths of 240 angu- 
lar degrees has recently been developed 
(Transactions pages 318-27). 


Tie-Line Power Control. With the ob- 
ject of determining what characteristics of 
control equipment are most effective in 
reducing tie-line power swings during 
periods of large variable loads, various 
types of controllers have been analyzed; 
results indicated that the use of a con- 
tinuous controller allows a faster rate of 
correction than can be tolerated with inter- 
mittent control (Transactions pages 306-14). 


Traveling Waves. The extension of 
operational methods to the solution of 
transmission-line problems is discussed in 
the fifth and final article of the series on the 
application to electrical engineering of 
advanced methods of mathematical analy- 
sis (pages 302-09). A pamphlet reprint of 
the complete series will be available shortly 
(page 327). 


Summer Convention. The largest tech- 
nical program for a summer convention in 
the history of the Institute will be offered 
at Chicago, IIl., June 22-26, 1942; other 
convention plans also are nearing comple- 
tion (pages 310-73). Publication of ab- 
stracts of summer-convention papers, be- 
gun in the May issue, is completed in this 
issue (pages 324-8). 


Voltage Regulator for Aircraft. Impor- 
tant parts of the electric system of aircraft 
are the voltage regulator and reverse-cur- 
rent cutout, for which basic requirements 
are the utmost dependability, small size, 
light weight, and design adapted to manu- 
facture by mass-production methods (Trans- 
actions pages 334-9), 


Man-Power Commission. The program 
of the recently appointed War Manpower 
Commission, aimed at assuring “the most 
effective mobilization and maximum utili- 
zation of man power in the prosecution of 
the war” is presented in the news columns 
essentially as outlined by Chairman Paul 
V. McNutt (pages 332-3). 


Magnetic Field Strength. Series formulas 
have been derived and arranged so as to 


provide a complete equipment for com- 
puting the magnetic field of a circular 
solenoid of any shape and at any point, 
including points within the cross section of 
the winding (Transactions pages 327-33). 


Telemeter for Aircraft. A d-c telemeter 
has been designed with torque, accuracy, 
size, and weight characteristics that make 
it particularly suitable for the remote indica- 
tion of aircraft functions (Transactions 


pages 314-17). 


AIEE Prizes. Winners of the AIEE na- 
tional prizes for papers presented during 
1941 are announced in this issue (page 
311); biographical sketches of the win- 
ners are scheduled to appear in the July 
issue. 


Special AIEE Publication. A “Bibliog- 
raphy on Circuit-Interrupting Devices, 
1928-1940,” has been issued as a special 
Institute publication, the second technical 
bibliography thus to be made available 


(page 327). 


Sections and Branches. The current an- 
nual report on AIEE Section and Branch 
activities includes statistics on member- 
ship, meetings, and attendance (pages 
322-3). 


Coming Soon. Among special articles and 
technical papers currently in preparation 
for early publication are: an article on a 
subject of timely significance and impor- 
tance by AIEE President D. C. Prince 
(F’26); parts III and IV of a series of 
papers on the theory of the brush-shifting 
a-c motor, dealing respectively with power- 
factor correction, and speed control with 
power-factor correction, by A. G. Conrad 
(M?40), F. Zweig (A’42), and J. G. Clarke 
(A’41); a paper on the reactance and 
skin effect of concentric tubular con- 
ductors by H. B. Dwight (F’26); a pa- 
per on standardized load-center unit sub- 
stations for low-voltage a-c systems by 
E. M. Hunter (M’36) and J. C. Page 
(A’41); a paper on the thermal co-ordina- 
tion of motors and their associated supply 
and control equipment on power supplies 
of 600 volts or less by B. W. Jones (A’11); 
a paper on high-voltage fusing of trans- 
former banks by H. H. Marsh, Jr. (M’41) 
and G. B. Dodds (A’29); a paper on high- 
frequency coaxial-line calculations by H. 
H. Race (F’39) and C. V. Larrick (A’40); 
a paper describing temperature aging tests 
on class A fractional-horsepower motor 
stators by J. A. Scott (M’34) and B. H. 
Thompson; a paper on the calorimetric 
method for determining efficiencies of elec- 
tric machines by Victor Siegfried (M’38) 
and C. W. Thulin (A’42); a paper on 
rectifier terminology and circuit analysis 
by C. H. Willis (F’42) and C. C. Herskind 
(M?40); and a paper on selenium recti- 
fiers and their design by J. E. Yarmack 
(Ags 5) 
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ELECTRICAL ENGINEERING 


The Effect of War on 


Young Engineers Inducted Into Industry 


M. M. BORING 


lee WAR is_ bringing 
to engineers and other 
college people a completely 
new set of experiences. The 
colleges themselves will feel 
the most immediate effects, and these are already indi- 
cated by the much-discussed speed-up plans, and by 
the plans for inducting young men into the Navy, the 
Signal Corps, and other branches of the military service. 
The trend in college education indicates that a large 
percentage of those young people who normally would 
come into industry in the next few years will be diverted 
into military channels, and a decreasing number will 
be available to industry. 

Only a few years ago it was stated that the colleges 
were producing too many engineers. Many of the schools 
were encouraged to, and did, reduce the number of men 
graduating. We now find a complete reversal of the 
situation, with a shortage of technically trained people 
that is estimated, from some sources, as high as 100,000. 
In addition to this extreme shortage of men in the indus- 
trial world, there is the tremendous demand for men in 
the Army and Navy. 

It has been stated* by Dean J. W. Barker of Columbia 
University that during the next few years the Navy alone 
hopes to obtain as many as 80,000 technically trained 
men per year through the colleges. This number is ap- 
proximately equal to the average annual number of 
graduates of all the colleges of the United States in 
recent years. 

Because of this, and because of the extreme increase in 
production, the manufacturers, public utilities, and other 
organizations which employ the engineering graduate, 
have been forced to change many of their policies. The 
immediate effect on the young engineer as he comes to 
the industrial organization will be a drastic foreshortening 
of the normal training period; he will be given less 
guidance and less opportunity to grow slowly and 
naturally. To meet the crucial time limits of war de- 
mands for industrial production, the normal procedure 
for steps of individual advancement as skill and experi- 
ence are acquired must be set aside “‘for the duration,” 


Essential substance of a talk given before a luncheon gathering of the student con- 
vention held May 1, 1942, in conjunction with the North Eastern District meeting 
at Schenectady, N. Y. 

M. M. Boring is in the engineering general department, General Electric Com- 
pany, Schenectady, N. Y. 

* Editors Note: See,““Navy Announces Training Program in Collaboration With 
Colleges,” Electrical Engineering, April 1942, pages 218-19, which explains the Navy’s 
hopeful plans to encourage properly qualified young men between the ages of 17 
and 19 years to enter (or remain in) college as apprentice seamen while training for 


advance ranks. 
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Students and young graduate engineers 
should find food for thought in these remarks 
from an old friend and competent adviser. 
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and men must be thrown 
into positions of advanced 
responsibility with minimum 
preparation. This will mean 
to the individual young engi- 
neer increased responsibilities—probably in many cases 
well beyond his real ability—and it will certainly mean 
that he will be forced to work harder and under condi- 
tions far less favorable than he has before experienced. 
The tremendous changeover from peacetime equipment 
to war production, with its restrictions, shortage of raw 
materials, lack of machine tools, and other equipment, is 
certainly going to tax the ingenuity of young men as never 
before. Unfortunately these abnormal conditions—act- 
ing as they do to thrust young men so quickly into positions 
of greatly advanced responsibility, and in many instances 
giving men just out of college an income far above the 
level that could be expected under normal conditions— 
are apt to give the young men graduating today a false 
sense of values. It is essential for young men to remember 
that this is a transient condition from which a return to 
normal is inevitable. The far-seeing young man will 
prepare against this inevitable future readjustment on 
the one hand by making the most of his enhanced op- 
portunities to acquire skill, judgment, and experience, 
and on the other hand by conserving his currently ab- 
normal remuneration to assure buying power later on. 

Many of the young graduates have developed a jit- 
tery attitude and question whether or not the particular 
small bit they can do in industry toward the war effort 
is as useful as their services would be if they were actually 
carrying guns. The shortage of men in the industrial 
field, therefore, is increased because many young men 
decide that they should enlist in some branch of the 
armed service, instead of taking industrial jobs. 

We older people should advise young men to go 
slowly in making decisions of this kind. It has been 
stated that it is necessary to maintain 14 people in the 
production of war goods in order to keep one man in the 
field. In the last war this requirement was estimated at 
2'/. people, which indicates the comparative technical 
changes in the last 25 years. If we build up an army 
involving several million men, as we expect to, it will be 
necessary for industry to accumulate 50 to 60 million 
more workers than we now have, and all of the war ma- 
terial that must be created by this tremendous number of 
people is so technical in nature that our Army will be 
unable to function without having in industry a high 
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percentage of technically trained men who can use their 
engineering talent for this purpose. 

Various representatives of the armed forces have 
recently been approaching students in colleges and young 
engineers in industry with proposals that these men 
should immediately join the armed forces. Some of 
these statements seem to be diametrically opposite to the 
thinking of the Selective Service. It would certainly be 
unwise for the armed forces to draw from important war 
industries highly trained technical people whose entire 


effort is directed toward the production, development, 


design; testing, or manufacture of devices badly needed 
by the Army and the Navy. These industries, which have 
turned over their complete manufacturing force to the 
war effort, today cannot in any sense of the word be 
considered as private industries, but are now definitely 
government arsenals. In support of this view, an official 
of the Selective Service recently stated that taking men 
from industries of this type would be analogous to taking 
away their raw materials and yet requesting that they 
produce more finished products. 

Professors, on the one hand, have been advised to tell 
students that the chances of getting more than one six- 
months’ deferment were practically nil. On the other 
hand, instructions to Draft Boards have clearly stated 
that young men actively engaged in the production of 
war goods will be granted additional requests for defer- 
ment, as long as they are vitally needed by the war- 
production effort. Also, many colleges have been in- 
structed to write to the electrical-engineering graduates 
of the last 10 years, encouraging them to leave their 
present war-production jobs to take special courses in 
ultrahigh frequency phenomena, with the idea of work- 
ing toward commissions in the Signal Corps. Surely, 
under the present conditions, it would be most unfortu- 
nate if there was a large exodus of engineers from war 
industries under this sort of plan. 

So our advice to young men should be, at least now 
when production is needed so badly, to enter industry. 
Later, when the right time comes, when there is a good 
flow of production, and when the creative thinking of 
the engineer is not needed so badly to produce war 
goods, then you, as young engineers, should be ready to 
take your abilities to the armed forces, to use, and to 
teach the layman how to use, the things that you have 
built. In other words, we should say to you that you 
should keep your heads, use your common sense, and 
make the same type of analytical study of this war prob- 
lem as you would of an engineering problem. 

As to the future, older people who have been involved 
in the production of materials are leaving to you a most 
unusual heritage. We are going to leave you a world 
torn by war, in which we shall expect you to correct the 
social structure and the economic structure, as well as to 
rebuild the physical things. Not only will you be re- 
sponsible for the physical rebuilding of Europe, and for 
paying for that job, but also for finding a way to create 
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in European countries the same standard of living that 
we in the United States enjoy, so that those jealousies 
that eventually break out into actual wars will be elimi- 
nated. You must take a larger part in the economic and 
social phases of our civilization than engineers have 
ever taken before. 

I have found from my experiences in contacting young 
men that most of them seem to think that their entry into 
industry will be only temporary, and that a complete 
collapse in the industrial world will come at the end of 
the war effort. Yet history shows that even though there 
may be a short, deep depression immediately after the 
war, caused by the readjustment necessary in changing 
from building of war material to producing goods for 
peace, this should be followed by a long period of high 
productivity. 

In addition to the rebuilding necessary because of the 
destruction of cities, factories, transportation, and other 
necessities, you will be faced, as no engineers have been 
before, with the problem of catching up with the building 
of the materials that have been necessarily neglected. 
This obsolescence, caused by the war and by the long de- 
pression that preceded the present conflict, will be at the 
greatest point in history. The fact that there has been 
practically no building of homes, heavy transportation 
facilities, or power-generating equipment for nearly ten 
years indicates that there will be great shortages facing 
us immediately after the war is over. 

After all, regardless of wars or of depressions, young 
men grow at a fairly uniform rate. It has been my ex- 
perience that every job has certain changes in it about 
every five to ten years, so that at least part of its responsi- 
bilities are taken by a new individual. Under these 
conditions, we must realize that there is a fairly rapid 
turnover of men in all jobs—administrative, technical, 
and skilled—so that you as young people will, when the 
time comes, have the complete responsibility of running 
industry, and your only competition will be with others 
of your own age. You will not compete with older or 
with younger people. When the time comes, you can be 
perfectly sure that some of you will hold high executive 
positions in the great manufacturing companies, that all 
of the older people will make way for younger men, and 
that you will have unquestionably the greatest oppor- 
tunity in history for the reorganization of our civilization. 

Undoubtedly we must all expect some decline in our 
standards of living, but surely the American people are 
not ready to give up permanently the motor cars, the 
radios, and the refrigerators that we have enjoyed in the 
past. In some way it will again be possible for the man 
who builds the automobile to buy the radio, the man 
who builds the radio to purchase the refrigerator, and 
so on. Since this is so, I believe we can assure you 
that the period of rebuilding following this war effort 
will be an extremely interesting one, that*you will have 
a job to do, that you will have plenty of responsibility, 
and that you will have grand fun doing that job. 
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Wartime Electrical Engineering | 
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engineer has been pre- 
paring for this war for 20° 
years or more, although 
he may not have been 
aware of it. He has been 
rapidly gaining knowledge 
in practically every branch 
of electrical engineering since World War I; and as this 
knowledge accumulated through research, experiment, 
and analysis, he has interpreted it into machines, de- 
vices, systems, and practices for peacetime or civilian 
use. Since early in the emergency period preceding 
the present war, his efforts have been shifted to the 
adaptation and application of this knowledge to war 
machines and practices. 

This does not mean, however, that wartime electrical 
engineering is just a continuation of what the electrical 
engineer had been doing. The tempo has increased. 
The time factor has become much more important. 
Economic consideration has been eliminated in the 
ordinary sense, in that winning the war is a must propo- 
sition and markets are assured. Research and develop- 
ments now proceed precipitously, and without the usual 
analysis of whether or not they will pay out in the usual 
business sense. 

It has become apparent that this must be a war of 
production, because the strategy of the armed forces of 
the United Nations is vitally dependent upon having the 
tools of war available at the time and place they are 
needed, in sufficient quantities, and of a type equal to or 
superior to those of the enemy. 

In a management engineering position, it is very diffi- 
cult to confine oneself to a consideration of engineering 
as such. I find myself watching the production figures 
day by day on products I know are vital to the prosecu- 
tion of the war. It is hard to be patient with any delays 
in completing designs and engineering and manufactur- 
ing instructions, even though one knows there must be 
difficulties with entirely new devices such as are required. 
Those in management positions not concerned with engi- 
neering are inclined to take the engineering for granted, 
overlooking the fact that before production can begin the 
product must be designed and tested and proved suit- 
able for the job it must do. 

It has been said that we can design an equipment to 
perform almost any function if we resort to enough 
complication and employ an unlimited number of gad- 


Essential substance of an address presented at the AIEE North Eastern District 
meeting, Schenectady, N. Y., April 29-May 1, 1942. 


R. C. Muir is a vice-president, General Electric Company, Schenectady, N. Y. 
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Applying his accumulated knowledge and 

skill, the electrical engineer is ‘“‘meeting the 

war assignment admirably,” successfully and 

rapidly shifting his efforts from peacetime 

problems to supply the specialized needs 
of war. 
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gets or devices. However, 
since this is a war of produc- 
tion, the engineer must give 
more consideration than 
ever before to conserving 
materials, man-hours, and 
machine - hours. Today, 
machines and equipment for 
even the most difficult jobs must be of simple design so 
that they can be manufactured readily and in sufficient 
quantities without bogging down our facilities. 

This increased tempo and the time factor have af- 
fected all branches of electrical engineering. Schools 
must turn out their students earlier, must specialize to a 
greater degree, and must carry on emergency training 
for large numbers in specialized courses. The electrical 
engineer in the electric-power companies has had to 
expand the power systems rapidly to serve industry; 
and the operating electrical engineer in manufacturing 
plants has found it necessary to plan and install much 
new equipment to produce the materials of war. 

The shift in manufacturing from civilian products to 
war products has demanded a corresponding shift in 
electrical engineering and has disturbed the balance of 
effort previously applied to engineering products. 

It has been said that radio was born during World 
War I, but in the present war, radio in all its various 
branches has become an essential part of every military 
or naval operation. During the past 20 years a vast fund 
of knowledge has been accumulated in the electronics 
field: on frequency modulation, television, high-fre- 
quency phenomena. New tubes and circuits have come 
into being rapidly and have made these things possible, 
but one might say that up to the present war period we 
have really been playing with them. Suddenly the war 
comes upon us and we realize that radio offers possi- 
bilities in the way of providing military information 
which were almost beyond our imagination a few years 
ago, and that these radio devices are required in many 
varieties and in tremendous quantities. There is a de- 
cided shift, then, of electrical engineering and research 
in the direction of radio and electronics. 

In peacetime very little of the electrical engineer’s 
effort was required for ordnance, but the war suddenly 
thrust upon him a wide variety of intricate problems in 
ordnance control. Here there is not only a shift of 
effort, but in addition the development of a kind of engi- 
neering with which but few were familiar—that involv- ' 
ing electric machines and circuits co-ordinated with 
highly complex mechanical mechanisms, optical sys- 
tems, and radio. 
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In the foreground are sections of generators for a hydroelectric power project; stators for 
6,000-horsepower ship-propulsion motors are in the background 


The airplane has introduced innumerable problems for 
the electrical engineer, which might be summarized as 
an attempt to provide the airplane with all the operating 
and armament devices required for a battleship. In- 
struments, generators, motors, complicated control sys- 
tems, armament and ignition systems must be of ex- 
tremely light weight and designed to withstand severe 
vibration and to operate from sea level to high altitudes 
under widely varying conditions of humidity and tem- 
perature. This represents an entirely new field of elec- 
trical engineering, and there has been a decided shift 
of effort also in this direction. 

Modern naval vessels have brought about many new 
problems for the electrical engineer. Since World War I 
the electrification of a warship has become much more 
complete and complicated. Automatic controls, flame- 
proof cable, shock-proof mounting, mine protection, gun 
laying, remote-controlled searchlights, radio communica- 
tion, signaling, and detection, and many other require- 
ments have shifted more effort in this direction. 

The basic work of the past 20 years has provided the 
engineer with tools which serve him well in this wartime 
emergency. For example, we have been becoming 
more noise-conscious for several years, and what we have 
learned about noise prevention becomes of great impor- 
tance in electric equipment for submarine and other 


284 Muir—Wartime Electrical Engineering 


naval and army applica- 
tions. We have been 
learning more and more 
about heat transfer, and 
this knowledge is ex- 
tremely valuable in the 
design and installation of 
most engineering products 
for war purposes. Metal- 
lurgy and chemistry have 
given us a number of ma- 
terials with properties 
greatly superior for our 
purposes to those for- 
merly available. 

The world has been 
becoming more measure- 
ment-minded and now we 
find the accelerated work 
on measurement instru- 
ments and methods of 
great value in wartime 
engineering. Extensive 
work on the development 
of electronic devices has 
already been mentioned. 
Extensive work also has 
been done in applying 
such devices to aid in 
the manufacture of other 
products, many of which 
are themselves now vital to the war program. We might 
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enumerate many such gains from the experience and work 
of the past two decades that have facilitated the shift of 
electrical-engineering effort from peacetime to wartime. 

Despite the fact that we are all out on a wartime basis, 
one cannot entirely resist giving a thought to the future. 
The experience of peacetime engineering was invaluable 
for war purposes. When peace comes, shall we find that 
our wartime engineering will be of great value in keeping 
our people employed and in maintaining our high rate 
of industrial activity? It seems so. 

Already there are many developments that promise 
to have peacetime application, although it is entirely too 
early to prophesy in any great detail. One finds that 
ships, airplanes, tanks, searchlights, guns, and other im- 
plements of war require control that must co-ordinate to 
a high degree of accuracy the motions, directions, or 
indications of two or more devices that are separated 
from each other. Corrections may be introduced in 
certain of these controls so that correspondence makes an 
allowance for a number of variables. The electrical engi- 
neer has been so successful in providing these exacting 
control requirements through electrical means that the 
electrical method is becoming widely used. The post- 
war period should provide great possibilities for this 
type of control in manufacture and transportation. 
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Also, new things may be born, as was radio in the 
last war, for engineering puts to use new additions to our 
accumulation of scientific knowledge. Under the stress 
and stimulation of war new knowledge comes fast, so our 
accumulation is growing rapidly and will be available 
to peacetime products. I cannot bring myself to give 
any more than this hurried glance to the future, however, 
because all these gains will come to naught unless we 
win the war and this demands our entire effort for the 
present. = 

One might ask—how has the electrical-engineering 
profession met this war assignment? I would say, 
admirably. Each engineer has been extremely anxious 
to make his contribution, so the shift, from the organiza- 
tional point of view, has been natural and easy. If there 
ever has been a sharp division between electrical and 
mechanical engineering, it has been quite effectively 
broken down, so that there has been no delay on prob- 
lems requiring a high degree of both, and most of the 
war problems are of that kind. Close co-ordination of 

_ engineers and research workers has shortened the time 
required to incorporate the new knowledge of science 
into engineering products. 

This desire to contribute, this close co-ordination of 
different types of engineering and research, and the excel- 
lent groundwork in science and engineering laid during 


the past 20 years, and the wartime stimulation of the 
inherent ingenuity and resourcefulness of the engineer 
have resulted in successful solutions of most difficult 
problems with remarkable promptness. 

This is an all-out war in which engineering is a vital 
factor. We have said that this is a war of production, but 
even though we attain an advantage in production, we 


might lose unless we maintain technical superiority. We 


must do more than merely match the engineering of our 
enemies, who have been applying themselves to military 
preparation much longer than we have. Thus far we 
have done well, but we are now entering the second 
stage—a period of intensive research, invention, reduc- 
tion to practice, and refinement of design. We must ap- 
ply ourselves to the task with increased spirit and vigor, 
and exercise with all our ability our traditional co- 
operation, ingenuity, and resourcefulness. 

Our research, engineering, and manufacturing must 
be much more closely correlated than formerly. There 
must be overlapping of these three functions, so that the 
new things developed through research and engineering 
may be incorporated without delay in the products leav- 
ing our factories. The electrical engineer must assume 
his part of the responsibility of giving our fighting forces 
at the battle front equipment technically superior to that 
of the enemy. This is wartime electrical engineering. 


Wartime Electrical Research 


L. A. HAWKINS 


MEMBER AIEE 


LTHOUGH the United 

States has been for- 
mally at war for only a few 
months, fortunately wartime 
research in the United 
States began more than a 
year and a half ago. 

In the summer of 1940, 
following the declaration of 
.a national emergency by 
President Roosevelt, and his 
appointment of the National 
Defense Research Committee, programs were formu- 
lated and work begun. Then, with the passage in 
March 1941 of the Lend-Lease Act, which in effect 
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Government encouragement, more labora- 
tories, and many more trained workers char- 
acterize the conditions for research in World 
War II in comparison with those of World of 
War I. Experience with the relatively limited 
research of that conflict, however, justifies the 
hope that the present effort, in addition to its 
primary purpose of contributing to victory, 
will result in now-unpredictable develop- 
ments of great peacetime value. 


pooled our resources with 
those of the Allied Nations, 
there came a full interchange 
technical information, 
which stimulated and ex- 
pedited American research, 
by bringing a clarification of 
the problems and full knowl- 
edge of what the British 
had already accomplished 
toward their solution. 

Now our research pro- 
grams are in fullswing. Literally thousands of scientists 
are intensively engaged on the multifarious technical 
problems of this highly mechanized war, and they are 
backed by ample funds. 

Of this wartime research, a very large part is electrical. 
President James B. Conant of Harvard University has 
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said truly that this is a physicist’s war. And just as 
electrical phenomena have, in the past 25 years, taken 
to themselves a greatly increased portion of. the science 
of physics, so electrical engineering, which deals with 
the applications of those phenomena, has assumed a far 
more important role in warfare than ever before, so that 
this war might justly be called also an electrical engineer’s 
war. 

The diversity of the contributions electrical engineers 
are making to the war activities is indicated by another 
article (‘‘Wartime Electrical Engineering,” » pages 
283-5). The task for electrical research is to seek new 
facts and to open up new fields, to enable the engineers 
to diversify their contributions still further and to make 
them still more effective. 

Those who were engaged in war research in World 
War I must be impressed by certain differences in the 
conditions for research then and now. To me that dif- 
ference seems somewhat analogous to that between the 
conditions of warfare in colonial days and in modern 
times. In the fights of the French and Indian wars, our 
forces relied, not on the mass movements of well-drilled 
troops, but rather on the initiative, woodcraft, and 
marksmanship of each fighting man. There must have 
been in those days a sense of freedom and a thrill of indi- 
vidual achievement which is perforce largely lacking in 
modern mass warfare, in which the individual is a 
minute part of a vast and complicated machine. 

And so it was to a great extent with war research in 
1917. There seemed to be little understanding of, or 
interest in research on the part of the military, or else- 
where in Washington, with the exception of the office of 
the Secretary of the Navy, Josephus Daniels. It is 
interesting to remember that the Assistant Secretary at 
that time was one Franklin D. Roosevelt. Daniels ap- 
pointed the Naval Consulting Board, with Thomas A. 
Edison as chairman, and in many ways encouraged and 
assisted research on naval problems. Such encourage- 
ment and help were sometimes badly needed, for with cer- 
tain striking exceptions the high-ranking officers in the 
Navy in 1917 seemed to think it absurd to expect any- 
thing of value in naval warfare to come from any civilian 
or group of civilians. 

In consequence, much of the war research in the open- 
ing months of the war had to be at the initiative and 
expense of the relatively few industrial research labora- 
tories then in existence. That meant complete freedom 
in choice of projects and in the planning and execution 
of research programs. ‘The result was a sense of indi- 
vidual initiative and achievement, the latter being 
favored by the fact that the number of research groups 
was relatively small. Difficulties sometimes arose in ob- 
taining sufficiently comprehensive knowledge of details 
of the military problems and an adequate tryout of re- 
search results, but nevertheless the wartime researches 
of World War I contributed very materially to the final 
victory, and the output per man and per dollar was high. 
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Conditions now are very different. There is ample 
interest in research in Washington, shown by a willing- 
ness to back research with generous, almost prodigal, 
appropriations. Mass attack is the order of the day. 
The light mobile guerrilla bands of 1917 have been re- 
placed by much larger groups, better equipped, more 
fully organized, with more centralized supervision and 
control. Some war-research workers may at times sigh 
for the “good old days,” when initiative was more free 
and mobility higher, but it is obvious that the enormous 
increase in number and complexity of the scientific 
problems of modern war demands an increased degree of 
centralized control, if wasteful duplication is to be 
avoided and each problem is to receive the attention 
which its urgency demands. | 

Another .very great difference between now and 1917 
is the far greater number of research men available. 
Twenty-five years ago the number of industrial research 
laboratories was small. Today, practically every indus- 
trial company of any size has its research laboratory, 
and as those companies have been turning to war work, 
so their laboratories have been attacking, on their own 
initiative, the technical problems involved in their par- 
ticular field of war production. This means a tremendous 
accretion of war research. Better materials, better de- 
signs, and new developments are pouring forth in a 
growing stream, and, in the electrical field, the industrial 
research laboratories are doing their full share. 

The work of the industrial laboratories in their special 
fields is being supplemented by large research groups, 
drawn mainly from the universities, who are pioneering 
in new fields that offer a prospect of radically new de- 
velopments of war value. Here again the number of 
available workers is far larger than in 1917, for in the 
past 25 years the quantity and quality of the research 
work in our colleges has increased enormously, with a 
corresponding increase in the number of able and highly 
trained research men. 

Another striking difference between research condi- 
tions in the two world wars is the very much greater 
part which British physicists are now playing. In World 
War I their contributions were relatively small. _ For 
instance, when the United States entered that war in 
April 1917, the Allies had no submarine detectors worthy 
of the name. Through the intensive co-operative effort 
of three industrial companies in the United States, 
working on their own initiative and at their own ex- 
pense, two successful types of detector were completely 
developed and ready for quantity production by the fall 
of that year. Samples were taken to England in Novem- 
ber, and in the first week of January 1918, the first 
submarine hunt in history was begun and brought to a 
triumphant conclusion by bagging a submarine on the 
third day. These detectors were at once adopted by 
the British Admiralty, and a little less promptly by the 
United States Navy. How effective they were, under the 
conditions then existing, is shown by a comparison of 
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the rates of sinkings by 
submarines in the 
spring and fall of 1918. 
In the spring, the rate 
of sinkings reached its 
peak. Before the arm- 
istice; the submarine 
had been reduced from 
a major to a decidedly 
minor menace. 

In the late spring of 
1918, during a visit by 
a commission from the 
British Admiralty, I 
was asked by one of the 
officers why I thought 
it was that the United 
States had accomp- 
lished more in six 
months than they had 
in three years, although 
they had some of the 
ablest physicists in the 
world working on the 
antisubmarine _ prob- 
lem. Iwas glad when 
he went on to suggest 
that it might be be- 
cause their scientists were university men who had 
had little contact with, or interest in, or respect for 
industry and did not even talk the same language as the 
industrial engineers, nor enjoy their respect, while in 
the United States we had had scientists, engineers, and 
production men trained by years of close co-operation to 
work together as a team. I told him I thought he had 
answered his own question. 

In this war the story is very different. When, with 
the passage of the Lend-Lease Act, we were released 
from the strait jacket of helpless and stultifying neutrality 
in which we had so stupidly bound ourselves, it became 
possible to learn what British scientists and engineers 
had already accomplished toward the solution of some of 
the most difficult technical problems of this war, and 
we were filled with admiration. Just as British purchases 
of war materials gave American industry a start in war 
production, so British technical developments have given 
American research a big boost toward overtaking the 
long lead gained by Germany and Japan in their all-out 
concentration on war problems for many years. 

Now both American war industry and American war 
research are well under way and are gaining speed, and 
just as our industries will, in the near future, overtake in 
output the combined war industries of Germany and 
Japan, giving us, in combination with the British Empire 
and Russia, a clear superiority in all the weapons and 
other implements of war, so, we may feel confident, the 
combined brains of the United Nations in war researches 
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A 75-millimeter pack howitzer tube being inspected with a borescope, a mirror at the far end 
of which reflects an image of the surface into a microscope 


will overtake and surpass the best that the Axis powers 
can do, even with their long headstart. 

For such success, in both industry and research, there 
must be full mobilization of resources, and sustained, 
intensive, unselfish effort. In both, the mobilization has 
already been largely accomplished, and in both, we are 
confident, the effort will be forthcoming. Indeed no 
group in the United States was quicker than were the 
scientists to recognize the extent and gravity of the 
menace to our liberty embodied in Naziism. In Decem- 
ber 1938, nine months before Hitler precipitated World 
War II by his invasion of Poland, and a year and a half 
before President Roosevelt proclaimed a national 
emergency, 1,284 American scientists joined in a mani- 
festo, which replied to a statement of official Nazi posi- 
tion on science and scientific research, and which con- 
tained these significant words: 

‘We firmly believe that in the present historical epoch 
democracy alone can preserve intellectual freedom. Any 
attack upon freedom in one sphere . . . is in effect an 
attack on democracy itself.” 

If the rest of the American public and its leaders had 
been as clear-sighted as those 1,284 scientists, we would 
have been far better prepared for war, victory would 
have been far less remote, and many American lives 
would have been saved. 

Scientists know how vital to the spirit of science is 
freedom—freedom of thought, of inquiry, of speech. 
They are sickened by the spectacle of the once-proud 
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German science prostituting itself to ruthless policies of 
statecraft, and slavishly echoing acquiescence to doctrines 
well known to be false. Such a demonstration of the fate 
of science under totalitarianism makes them glad to 
sacrifice for a time their special interests, and to accept 
such temporary regimentation as may be needed for all- 
out organized offense against the monstrous menace. 

It is no small sacrifice for many a scientist. To turn 
from the alluring search for truth for truth’s sake and for 
the good of mankind, to the development of implements 
of destruction, may mean a painful dislocation of deep- 
seated incentives. But sacrifice is the common lot of all 
in war, and the scientist has a special compensation in 
his knowledge that the war effort, beyond its primary 
and all-important purpose of contributing to victory 
over the enemy, in all likelihood will yield things of 
great value when peace returns. 

Not only will many of the new plastics, alloys, syn- 
thetic rubbers, and other materials developed under the 
pressure of war needs find peacetime uses, not only does 
the opening through war projects of new fields such as 
that of radio microwaves reveal vistas of important 
peacetime developments, but new things now unpre- 
dictable will spring from the war effort. 

Experience in the years following World War u 
justifies hopes of such a fortunate outcome. For in- 
stance, when, in that war, research workers developed a 
portable X-ray outfit for use in the field hospitals in 
France, we did not foresee either the tremendous stimulus 
that would be given thereby to the use of X rays by the 
medical profession, nor the revolutionary peacetime 
developments that would flow from it, starting with the 
oil-immersed dental outfit, which made the use of X rays 
by the dentist safe, convenient, and practically universal, 
proceeding through larger similar outfits for diagnostic 
and therapeutic use in hospitals, and culminating in the 
million-volt industrial X-ray generator, now giving in- 
valuable service in the present war effort of the heavy 
industries, and acting as a tremendous stimulus to the 
industrial use of X rays hereafter. 

Nor, when in 1917 we were designing, developing, and 
manufacturing transmitting tubes for use in that novel 
communication method called wireless telephony, of 
which our armed forces wished to avail themselves, did 
we foresee that we were shaping the cornerstone for the 
central building of a great new industry—the radio- 
broadcasting station. 

Indeed, the new problems and the new approaches to 
old problems, forced on us by the exigencies of war, con- 
tain in themselves compensation for a disadvantageous 
change, similarly enforced, from the research aims in 
peace. In normal times, it is the more fundamental 
researches which yield the more radically new develop- 
ments. But such researches always, from their very 
nature, lack definite practical objectives, and often must 
extend over many years. Both characteristics tend to 


inhibit fundamental research in wartime. There are 
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too many definite objectives calling urgently for im- 
mediate attainment to permit of discursive pioneering, 
and quick results are worth infinitely more than results 
indefinitely postponed. 

With most fundamental research laid aside for the 
duration of the war, the yield of radically new things 
would greatly diminish, were it not that the attainment 
of the war objectives often forces research into wholly 
new fields and provides new viewpoints toward old fields. 
Applied research in war therefore may contain greater 
potentialities for revolutionary developments than are 
often found in the applied research of peacetime. Post- 
war planning may therefore find itself unexpectedly rein- 
forced by developments, now unforeseeable, springing 
from war research. 

But meanwhile we have a job to do, an all-important 
job for research men and engineers alike. If we fail in 
that job, postwar plans and the whole national economy 
of the United States, as well as all our liberties and free 
institutions, will have gone with the wind. We must not 
fail, and I am confident we shall not fail. We must win 
through to victory, and, in attaining it, I am confident 
that again, as in World War I, research will do its part. 

But how about the next world war? We have com- 
pared research in World Wars I and II, and have seen the 
far greater number and complexity of the problems now 
confronting us. We have seen the number of scientists 
engaged in war research increased from hundreds to 
thousands, and their expenditures from millions to tens 
of millions of dollars. Are we now to look forward to 
the organization, in another 25 years, of tens of thousands 
of scientists, spending hundreds of millions of dollars, to 
attack the still more numerous problems of still more 
mechanized and still more terrible war? Or this time 
shall we finish the job? 

When victory is won, and the consequent emotional 
letdown brings war-weariness sweeping over us in waves, 
shall we again permit our isolationists to lead the United 
States back into the primrose paths of so-called ‘‘nor- 
malcy,” leaving the rest of the world in an international 
chaos to breed still more sanguinary conflicts? Shall we 
again pour out our blood and treasure to ‘“‘make the 
world safe for democracy,” and then desert the task just 
when we have won the power to complete it? Or shall 
we finish the job, joining with the other free nations in 
intensive, sustained, and unselfish co-operation, to erect 
upon the field of victory, around the cornerstone of the 
Atlantic Charter, a new world structure, to which all 
nations of good will may resort, to find liberty, security, 
and opportunity, and which will be so strong that no 
gangster nation will dare attack it? Are we to go down 
in history as the generation which twice had offered to it 
the greatest opportunity in the history of mankind, and 
twice refused it in selfish stupidity, or are we to be re- 
corded as the generation which fought and won the 
world’s last and greatest war and established the world’s 
first enduring peace? 
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Alternating Current in the United States Navy- 


H.G.RICKOVER 


LECTRICITY was first 

applied on a vessel in 
the United States Navy in 
1883 when the 
Trenton was equipped with 
an Edison — shunt-wound 
13.2-kw 110-volt d-c gener- 
ator for lighting purposes. 
From this very modest ini- 
tial installation the use of 
electricity has increased to 
the point where a modern 
battleship has as much as 10,000 kw of generating capac- 
ity for auxiliary operation and lighting, and the largest 
aircraft carriers have generating plants of 160,000 kva 


cruiser 


for propulsion. 
It is not the purpose of this discussion to give a detailed 
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Although alternating current has been used 
for propulsion on large United States Navy 
vessels since 1913, its first use for auxiliary 
apparatus and lighting on ships was in 1932. 
The problems involved in introducing alter- 
nating current for that purpose on new ves- 
sels are discussed, and some of the principal 
a-c apparatus described, in this general sur- 
vey of naval applications of alternating 
current, 
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history of the development 
and application of all the 
various types of electric ap- 
paratus now in use in the 
Navy. Some major devel- 
opments, however, such as 
the application of alternat- 
ing currenttoship propulsion 
and the more recent adop- 
tion of alternating current 
for ship’s auxiliary and light- 
ing power are described in 
some detail. The intention is to outline the principal 
reasons for adopting alternating current for its present 
various applications, the problems involved in changing 
over ship’s service from direct current to alternating cur- 
rent, and the solution of these problems, and to present 
a general description of the principal apparatus involved. 
The more important electrical features of some vessels 
currently under construction are given. . Since sub- 
marines depend upon storage batteries for a power supply 


when submerged, they are equipped, except for minor 


289 


oH 


% 


applications, with d-c apparatus and therefore are ex- 
cluded from this discussion. 


A-C PROPULSION ON NAVAL VESSELS 


The first major application of alternating current in 
the United States Navy was made in 1913 on the twin- 
screw collier Jupiter. This was an experimental installa- 
tion and consisted of a single turbine-driven alternator 
which supplied power to wound-rotor induction motors, 
one on each shaft. Resistance inserted in the secondary 
of the motors provided speed variation and also enabled 
them to meet the severe torque requirements of propeller 
reversal. Extensive tests were conducted on this installa- 
tion and it served as the proving ground for future ap- 
plications. This vessel was later converted into an air- 
craft tender and the propulsion equipment continued 
to operate satisfactorily. 

The success of this installation resulted in the adoption 
of a-c propulsion for the battleship New Mexico, which 
was placed in service in 1918. Two turbine-driven gen- 
erators supplied power to four double squirrel-cage in- 
duction motors. The motors were provided with a pole- 
changing winding and the generators with a voltage- 
changing winding which were adapted to each other in 
such a way as to give three working combinations cor- 
responding to 8,000, 16,000, and 32,000 horsepower. 
In each of these working connections, the motor as well 
as the generator operated at its maximum electrical 
efficiency, and thus avoided the reduced efficiency which 
ordinarily accompanies the operation of electric-power 
apparatus at low output. ‘ 

From 1920 to 1923, five more electrically propelle 
battleships were built. Until 1941 they were our most 
modern battleships. ‘These five vessels are very similar 
in size, armament, armor, and other respects. A brief 
description of their propulsion equipment follows. 

The Tennessee and Colorado have two turbine-driven 
generators, each of which is capable of delivering a 
maximum of 15,000 kva at approximately 2,200 rpm. 
Each of the four propellers is driven by a two-speed 
wound-rotor induction motor. Pole changing provides 
two definite speeds, and further speed variation is ob- 
tained by throttling the steam turbines. Starting and 
maneuvering are accomplished on the high-speed wind- 
ing by inserting resistance in the motor secondaries. 
The low-speed winding is used only for cruising opera- 
tions. Each motor delivers approximately 7,300 horse- 
power at 170 rpm, which is the maximum propeller 
speed. 

The California, Maryland, and West Virginia each like- 
wise have two turbine-driven generators and four induc- 
tion motors, each driving a propeller. The induction 
motors have a single stator winding which is externally 
connected for either 24- or 36-pole operation and the 
rotors are provided with two separate windings placed in 
the same slot. The inner rotor winding is a high-resist- 
ance squirrel-cage type, which is active only when start- 
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ing or reversing. The winding nearest the air gap is of 
low resistance and is phase-wound. It may be operated 
either open or closed by means of suitable contactors 
and collector rings. 

In the year 1927 the completion of the large aircraft 
carriers Lexington and Saratoga resulted in the most com- 
pletely electrically operated large warships ever built. 
These ships were originally planned as battle cruisers, but 
in accordance with the Washington naval treaty were re- 
designed and completed as aircraft carriers. The pro- 
pulsion machinery is essentially the same as that used on 
former vessels, although it differs slightly in some de- 
tails. The changes were caused by the relative magni- 
tude of power involved in these vessels as compared with 
previous electric-drive installations, as well as by the 
general development of the electrical industry. 

The propulsion equipment on these two vessels con- 
sists essentially of four 40,000-kva adjustable-frequency 
turbine generators connected through suitable switch- 
gear to eight 22,500-horsepower induction-type pro- 
pelling motors. The motors are arranged in pairs, each 
pair being located in a separate compartment and di- 
rectly connected in tandem to its propeller shaft. The 
stators are wound for either 22- or 44-pole operation 
and the rotors have both high-resistance squirrel-cage 
and phase-type windings. The system of control pro- 
vides for a varied number of combinations of motor and 
generator connections to suit the speed and power re- 
quirements of the vessels from cruising speeds to full 
power, including proper facilities for maneuvering the 
vessel as may ordinarily be required. When operating at 
full power, each main generator is connected independ- 
ently and directly to two motors operating in tandem on 
asingle shaft. The propeller speeds are changed by vary- 
ing the speeds of the respective turbine-generator sets. 
Additional variation is accomplished by reconnecting the 
driving motors for either of two speeds. This arrange- 
ment provides a very flexible and reliable means of 
propulsion. 

On trial tests the Lexington made a 2,228-mile run 
from San Pedro, Calif., to Honolulu in 72 hours and 34 
minutes, resulting in an average speed of 30.7 knots 
which broke all existing sustained speed records. As 
a further display of versatility, the Lexington later served 
the city of Tacoma, Wash., as a floating central generat- 
ing station for a period of 30 days. This emergency was 
created by lack of water for the hydraulic stations which 
were the chief source of power for the city. 

These installations constitute the electrically propelled 
combatant vessels in operation in the United States 
Navy in 1941. All heavy craft now under construction 
are being equipped with turbine-gear drive. 


SHIPS POWER SUPPLY FOR AUXILIARY APPARATUS 
AND LIGHTING 


Prior to 1932, all United States naval vessels employed 
direct current for electrically driven auxiliaries and 
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lighting. Alternating current was used only for a few 
specific applications such as interior communication, 
fire control circuits, and radio equipment, and was ob- 
tained from motor-generator sets fed from the d-c supply. 
At this time the only large applications of alternating 
current in the Navy were the main propulsion systems on 
the battleships and aircraft carriers just described. Even 
with these huge installations of alternating current for 
propulsion, direct current was still used for auxiliaries 
and for lighting. 

It was recognized that the adoption of alternating cur- 
rent for ship’s power offered distinct advantages but at 
the same time the changeover involved problems that 
would require careful analysis. Dependability is the 
foremost requirement of naval equipment and a warship 
is not the place for unproved or experimental apparatus. 

Some of the advantages of the a-c system as applied 
to the various types of equipment are: 


1. Motors and generators. 

(a). Increased reliability. 

(4). Decreased maintenance. 

(c). Reduction in weight, space, cost, and spare parts. 
2. Motor control equipment. 

(a). Less complicated. 

(4). Reduction in weight, space, and cost. 


3. Cables, 

(a). Improved copper efficiency, particularly if higher voltages 
are used. 

4. All types of equipment. 

(a). In case of emergency it is easier to obtain equipment which 
is more nearly standard commercial design. 

(6). The probability of improvement in design in future years is 
greater due to the extensive commercial use of alternating current. 


Some of the more important problems associated with 
a changeover of this nature are as follows: 


1. It was evident that in order to derive the full advantages of 
alternating current a voltage higher than 115 or 230 volts would be 
desirable. The selection of the proper voltage involved considera- 
tion of generator design, current-carrying capacity of switching 
equipment and cables, as well as insulation and hazard to personnel. 


2. A-c systems are subject to high short-circuit currents during 
faults and disturbances. Suitable circuit breakers, protective de- 
vices, and operating relays would be necessary. 

3. The older d-c systems had operated satisfactorily without 
voltage regulators. The a-c generators would require some form 
of automatic voltage regulator. 


4. Additional meters and instrument transformers would be re- 


quired for alternating current. 


5. The problem of power factor was introduced. This would re- 
quire careful planning of distribution and grouping of motors, par- 
ticularly with regard to starting currents. 

6. If the voltage adopted was 230 volts or higher, transformers 
would be required for lighting and other low-voltage applications. 
7. Some form of reduced-voltage starting would be required for 
the largest squirrel-cage induction motors. 

8. Either multispeed squirrel-cage or wound-rotor induction 
motors would be required for a few applications where speed 
variation was necessary. 
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9. Some d-c power would still be necesssary for excitation, search- 
lights, and minor applications. A suitable method of obtaining 
this would have to be provided. 


10. Emergency power from batteries was suitable for the d-c 
systems. Some other means of supplying emergency alternating 
current would be necessary. 


11. The engineering and operating personnel were accustomed to 
d-c machinery. An educational program covering the new ap- 
paratus would be required. 


12. Complete tests of this new equipment to determine suitability 
would have to be made. Likewise, applicable naval specifications 
would have to be prepared. 


In 1932 it was decided that a class of destroyers com- 
mencing with the Farragut would be equipped with 
alternating current for ship’s service auxiliary power and 
light. This was followed by the installation of similar 
equipment on the heavy cruiser Quincy and the aircraft 
carrier Yorktown. ‘The success of these installations led 
to the standardization of alternating current for ship’s 
service on all naval craft with the exception of submarines 
and certain auxiliary craft. All new vessels now under 
construction, including battleships, cruisers, aircraft 
carriers, destroyers, and large auxiliary vessels, have this 
type of ship’s service power. 

Experience in a-c applications has shown a large de- 
crease in maintenance when compared with d-c ma- 
chinery. A-c generators and motors eliminate commu- 
tators with all their attendant electrical and maintenance 
troubles. Also, alternating current permits the use of 
squirrel-cage induction motors which are probably the 
most rugged and reliable type of rotating electric ma- 
chinery obtainable. All except the largest sizes of squir- 
rel-cage motors may be started with simple across-the- 
line switches instead of the complicated controllers with 
contactors, coils, relays, resistances, and so on, required 
for d-c motors. 


SELECTION OF VOLTAGE 


The generators for the Farragut were designed for 230 
volts. The use of transformers for voltage reduction on 
lighting circuits was avoided by bringing out taps from 
the midpoints on each phase of the generator and thus 
providing 115 volts. This scheme, however, is not en- 
tirely satisfactory since it requires special leads and also 
may result in unbalance in the generator winding. 
Present practice is to use a standard form of generator 
winding and provide transformers where voltage re- 
duction is required. 

As alternating current was applied to larger vessels 
it became apparent that a still higher voltage would be 
desirable from the standpoint of generator design and 
power distribution, Low-voltage generators of relatively 
large output require few turns and large conductors in 
the armature winding. This may be obtained by various 
methods, such as the use of few armature slots, single- 
layer armature windings, delta connections, parallel 
circuits, or other special arrangements which prevent 
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using the most desirable generator design with regard to 
construction, maintenance, and weight. 

For a given kilovolt-amperes, an increase in voltage 
results in a decrease in the current and this permits the 
use of smaller circuit breakers and distribution cables. 
On most equipment there is little if any change in insula- 
tion up to approximately 600 volts, so the current reduc- 
tion is the more important factor. 

A value of 450 volts was eventually adopted as the 
standard for ship’s service generators. Power to prac- 
tically all the auxiliaries is also distributed at 450 volts. 
For lights and for a few small accessories 115 volts is 
obtained from transformers. The use of 440-volt motors 
presented no particular problems since motors for this 
voltage were commercially available in all sizes down to 
one-sixth horsepower and it was only necessary to make 
certain minor changes in materials and enclosures to 
render the motors suitable for shipboard use. 


GENERATORS 


Up to the present time generators of normal design 
have been acceptable for ship’s service duty. ‘Turbine- 
driven generators with cylindrical rotors are required to 
have a short-circuit ratio of not less than 0.9 and salient- 
pole machines of not less than 1.0. No definite standards 
for the various reactances have as yet been adopted but 
a careful analysis is made for each system to insure 
stability and short-circuit protection. In the case of 
cylindrical-rotor generators the reactances are kept as 
high as possible consistent with a short-circuit ratio of 
not less than 0.9. 

Generators for shipboard use are required to be of a 
type so designed and constructed as to insure satisfactory 
operation under the extreme conditions of heat, salt air, 
the rolling and pitching of the vessel in a heavy sea, and 
the shock of gunfire or mine explosions, all of which are 
incident to operation in a naval vessel. Some of the 
standard requirements follow. 


1. Short Circuit. Generators must be capable of withstanding a 
dead short circuit, either three phase or single phase, for a period 
of two minutes without injury when operating at rated load and 
voltage. 


2. Overload Capacity. ‘Turbine-driven generators must operate at 
the rated power factor, under a current overload of 25 per cent, 
for a period of two hours, without objectionable noise or vibration 
and without exceeding the temperature rise specified for normal 
load by more than 15 degrees centigrade. 

Turbine-driven generators must operate satisfactorily at 50 per 
cent kilowatt overload and approximate rated power factor for a 
period of five minutes. 

Diesel-engine-driven generators must operate satisfactorily at 
50 per cent kilowatt overload and approximate rated power 
factor for a period of five seconds. 


3. Phase Unbalance. Generators must be designed to carry a 
maximum single phase load of 25 per cent of their rated line am- 
peres. Under the condition of a single-phase load of 25 per cent 
of rated amperes and no other load on the machine the variation 
in voltages between phases or of any one phase from normal must 
not exceed 5 per cent of normal rated voltage. 
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Some of these standard requirements are more rigid 
than those of the usual industrial application; however, 
they have been adopted in view of the vital importance 
of these generators and in order to insure rugged equip- 
ment and continuity of operation. 


PROTECTION OF OPERATORS 


When 450 volts was adopted as a standard generator 
voltage it became necessary to make some changes in 
order to eliminate increased hazard to the operating 
personnel. In the older d-c systems the operators dealt 
with either 115 or 230 volts. It must be remembered 
that for a given nominal voltage the a-c peak voltage is 
41 per cent higher than the steady value of d-c voltage. 
Furthermore, where the d-c values had formerly been 
115 and 230 volts, the peak a-c voltage would now be 
1.41450, or 635 volts. 

In order to afford adequate protection against this 
voltage, “dead front” switchboards came into use. On 
these boards it is impossible for the operator to come into 
contact with any live part of the circuit, since the circuit 
breakers, switches, bus bars, fuse clips, and other de- 
vices are all mounted on the back of the board and are 
suitably insulated. In addition, the back of the board is 
enclosed with a screen or perforated metal cover anda 
drip-proof cover is fitted on the top. 

All motor and generator terminals are enclosed or 
insulated and control boxes have either mechanical or 
electric locks. Push buttons for starting and stopping 
operate on small transformers which reduce the voltage 
to 110 volts or less. Some of these protective features 
have complicated the switchboard to some extent but in 
general they have resulted in a much safer and more 
satisfactory system. 


SHORT-CIRCUIT PROBLEMS 


One of the problems associated with the adoption of 
alternating current for ship’s service was that of short- 
circuit currents and the provision of suitable protective 
devices and operating relays. It is necessary not only 
that these accessories operate satisfactorily from the 
electrical standpoint but also that they possess shockproof 
characteristics, a feature not normally required in in- 
dustrial applications. For example, a circuit breaker is 
equipped with a latch which mechanically holds the 
breaker closed and with a trip coil whose function is to 
trip this latch when a predetermined overload occurs. 
These two must be balanced to insure that the latch will 
not accidentally be opened by jar or shock and yet will 
open at the overload. Another example is that of relays, 
which respond to very small forces and hence must be 
carefully designed and adjusted. Yet we must be ‘cer- 
tain that their inclusion in the circuit is not such that 
they will cause the circuit to be interrupted under 
heavy shock. The application of this equipment for 
shipboard use thus opened a new field of engineering 
design and testing technique. 


ELECTRICAL ENGINEERING 


On larger vessels the ship’s service generators are 
often of the turbine-driven two-pole cylindrical-rotor 
type, which normally has low values of reactance. 
In case of a short circuit with no external impedance 

in series such generators produce large short-circuit cur- 

rents, sometimes reaching instantaneous subtransient 
values of 30 to 40 times normal. These currents are of 
only momentary nature but they create stresses in the 
generator windings, foundation bolts, bus bars, and 
various other parts of the equipment. 

On one of the largest vessels now under construction, 
calculations show that the forces between adjacent switch- 
board bus bars under short circuit conditions may be 
as high as four tons. Such forces require that every bolt 
and brace be examined. Shearing stress on the bolts 
runs as high as 15,000 pounds per square inch and the 
stresses on insulating compounds and metallic supports 
are all of a high order. 

It should be recognized that these stresses apply only 
to the largest vessels and have been brought about by 
the greatly increased use of electricity for auxiliary opera- 
tion. The electrically propelled battleships previously 
described have a total d-c generating capacity of only 
1,800 kw for supplying power to the auxiliaries, light- 
ing system, and excitation for the propulsion generators. 
The two largest aircraft carriers Lexington and Saratoga 
have d-c generators totaling 4,500 kw for like purposes. 
Battleships now under construction have a-c installations 
of as much as 10,000 kw or more for the operation of the 
auxiliaries and lighting purposes. The distribution of 
this amount of d-c power on board a naval vessel pre- 
sents difficulties which 
leave no doubt con- 
cerning the desirability 
ofusing alternating cur- 
rent. The individual 
generating units in 
these large installations 
are usually of 1,000 or 
1,250 kw capacity, and 
high-speed cylindrical- 
rotor machines of this 
size have distinct ad- 
vantages despite the 
fact that they have in- 
herently lowreactance. 
The stress 
problems are _ there- 
fore a result of the in- 
crease in the size of 
the electrical plant 
and the employment 
of equipment _ best 
suited to these large 
installations. 

Several outstanding 
types of bus construc- 


increased 
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A turbine-electric generating unit, to produce propulsion power on an electric- 
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tion have been employed that are capable of withstanding, 
with a large safety factor, the highest calculated stresses _ 
which might be set up. As the entire force is applied 
within the first half-cycle after the fault occurs, the bus 
is subjected to an impact which will result in distortion 
if the bus is not properly designed. All details of the 
structure supporting the buses have received careful at- 
tention to make them suitable for the forces involved. 
On the newest ships, switchboard structures are being 
designed of welded steel members, gusseted and braced 
in all directions. Attention has been paid to every por- 
tion of the structure from the smallest bolt to the 
heaviest channel. Adequate resistance has thus been 
provided for the short-circuit forces which may occur. 


CIRCUIT BREAKERS 


For these large a-c installations it became necessary 
to develop a circuit breaker suitable for the increased 
current carrying and interrupting capacity. It was felt 
that this circuit breaker should meet the following re- 
quirements: 


1. Be mounted in small space on dead front boards. 
2. Be dead front in itself and still accessible for maintenance and 
repair. 


3. Provide interrupting rating equal to or better than that of a 
fuse without requiring replacement of a vital part of the element 
after an interruption. 


4. Provide some cable protection without opening on the current 
inrush of a-c motors started directly across the line. 


Such a breaker was available for commercial use in a 


ve 
General Electric photo 


drive ship, being 
prepared for test 
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somewhat different form and consisted of a totally en- 
closed unit with a thermal overload-tripping mechanism. 
This had certain disadvantages and failed to meet the 
second and fourth requirements just stated. It was felt 
that a thermally operated breaker was not strictly suit- 
able for the machinery spaces of a naval vessel where the 
ambient temperature varies greatly, depending upon 
steam conditions, load being carried, ventilation, and 
changes of climate. Therefore, a form of breaker was 
developed having a high-set magnetic-trip unit which is 
instantaneous in action. The value at which this 
mechanism will operate is set high enough to permit the 
starting of motors without interruption of the circuit and 
still provide short-circuit protection for the circuit. 

These breakers are now designated as type AQB (air, 
quenched break). The problem of making them ac- 
cessible for repair or maintenance was quite difficult. 
On the earliest switchboards they were not readily ac- 
cessible, because copper buses and cables at the rear of 
the board had to be removed to permit withdrawal of the 
breaker. However, the problem has been solved and at 
the present time these breakers are designed to be re- 
moved from the front of the switchboard without danger 
to personnel, without disturbing cable or bus connec- 
tions, and without shutting down the rest of the system. 

The application of these breakers has followed certain 
patterns depending upon the type of vessel, the type of 
switchboard, and the amount of power involved. 

On destroyers where the amount of auxiliary power is 
fairly small the AQB breakers are connected directly to 
the bus and serve to control large blocks of power without 
making excessive space demands. The more conven- 
tional heavy-duty ACB (air, carbon break) type of 
breaker is used for controlling the primary generator cir- 
cuit, and with its greater interrupting capacity serves 
to back up the smaller breaker, should it fail to clear 
the circuit under fault conditions. 

On larger vessels a modified form of this back-up 
protection is used. Each group of AQB breakers is 
segregated and connected to the bus through a heavy- 
duty ACB breaker, which provides secondary protection 
without necessitating the removal of a generator from 
the bus. 

A third pattern has been the exclusive use of heavy- 
duty type ACB breakers on the main switchboard. 
Each ACB breaker then feeds a remotely located power 
panel where the circuits are subdivided as necessary 
through AQB-type breakers. On such switchboards 
even these back-up breakers are removable from the 
front of the board without disturbing the bus work at the 
rear. 

Rigid tests conducted on these circuit breakers show 
that it is usually 1 to 11/2 cycles from the instant the 
overload is applied until the arc is extinguished. This 
short time required for opening allows some decay in 
the subtransient current but still the breaker may be 
required to interrupt as much as 50 per cent of the initial 


294 Rickover—Alternating Current in the Navy 


{ 


peak value. At present no breaker of this type is used 
with an interrupting capacity of less than 15 times the 
normal rating. 


OVERLOAD PROTECTION 


Because of the relatively large currents drawn by 
squirrel-cage induction motors when started on full 
voltage, the problem of overload protection is different 
from that found on d-c motors. Above the fractional- 
horsepower sizes, starting resistances are required to 
limit the starting current on d-c motors. The resultant 
low starting current provides ample starting torque and 
also permits the use of fuses or magnetically operated 
circuit breakers which provide protection from overload 
as well as from short circuits. 

The squirrel-cage induction motor, however, may have 
a full voltage starting current of 600 per cent or higher 
and although this current lasts for only a matter of 
seconds it precludes the use of fuses for overload protec- 
tion, unless they are of special design or are short-cir- 
cuited during the starting period. In any case fuse fail- 
ure requires a replacement, and a device that may be 
reset automatically or manually provides a much better 
solution. Present practice therefore is to use some form 
of thermal overload relay. 

The heating produced by an overload depends upon 
its magnitude as well as the length of time it is applied. 
Momentary overloads of short duration may not be in- 
jurious and in such cases circuit interruption is un- 
necessary and undesirable. In order to prevent in- 
stantaneous operation of the overload relay some form 
of time delay is usually incorporated in the device. This 
time delay may be accomplished by various methods 
but overload relays for naval service usually employ 
one of the following: 


1. A bimetallic strip consisting of two metals having different 
temperature-expansion coefficients. The heat produced by over- 
load causes unequal expansion of the metals and results in a de- 
formation of the strip which trips the overload device. 


2. A type in which an alloy is melted by a heater element and 
allows the circuit to open. 


3. A type in which quick motion is retarded by an oil-filled dash 
pot. 


A situation which further complicated the problem of 
overload relays was the extreme variation in ambient 
temperature occurring in certain locations on the ship. 
For a given setting a high ambient temperature might 
cause the overload relay to trip with rated load on the 
motor while at a low ambient temperature the relay 
might not operate until after the load exceeded a safe 
value. On first thought, this might appear to make no 
difference, but it must be remembered that the relay and 
the apparatus it controls may not always be so located 
that the ambient temperature is the same for both. 
Furthermore, the load that a machine can carry is not 
entirely dependent upon the maximum operating tem- 
perature; there are also mechanical limitations. 
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Since it is not practicable to adjust the relay set- 
ting manually to conform with different ambient tem- 
peratures, some form of compensation was required. 
This compensation is achieved by various methods and 
overload relays are now available which are so well 
compensated that they will operate at a definite current 
value with an ambient temperature variation of 20 to 
70 degrees centigrade. When these overload relays are 
to be located in places of variable temperature they are 
specified to be of the compensated type. Navy specifica- 
tions for this type of relay now allow three per cent change 
in the tripping current for each change of 10 degrees 
centigrade in ambient temperature and this results in 
reliable protection during any temperature changes ordi- 
narily encountered. 


OPERATING RELAYS 


A-c holding coils, solenoids, contactors, and other de- 
vices require a number of mechanical and electrical 
features that are unnecessary in d-c equipment used for 
similar purposes. One problem is the reduction of the 
core loss produced by the flux reversals in the magnetic 
circuits. In order to avoid excessive core heating it is 
necessary to use low-loss steel and to laminate the core 
punchings. Magnetic noise or humming is suppressed 
by securely clamping the punchings together. 

Another problem is the relatively low holding power 
of a-c magnetic contactors in the closed position. The 
flux linkages and reactance are low in the open position 
permitting sufficient current to flow to close the con- 
tactor. After the magnetic circuit is closed, however, 
the reactance is greatly increased and the exciting cur- 
rent of the coil is thus reduced. Furthermore, with each 
current reversal the flux passes through zero and this 
results in a tendency for the contactor to chatter. The 
usual remedy for this chattering is the use of a short- 
circuited shading coil on one of the poles of the magnetic 
contactor. 

These undesirable features of a-c relays had been 
successfully overcome in industrial applications and they 
are mentioned here only because further refinements 
were necessary to make them suitable for naval use. 


VOLTAGE REGULATORS 


In changing over to alternating current it was ap- 
parent that some form of generator voltage regulator 
would be required. Low values of voltage regulation are 
not difficult to obtain in d-c machinery and all the older 
installations had operated in parallel without the use of 
regulators or equalizer connections. However, it should 
be recognized that some variation in ship’s service volt- 
age was not particularly objectionable at that time. In 
recent years there have been certain applications which 
require a comparatively constant voltage for accurate 
operation. An example is the synchro-tie control for gun 
firing. It may be said, then, that even if present installa- 
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tions were d-c, voltage regulators or some form of ap- 
paratus for maintaining constant voltage would likely 
be required. 

The inherent regulation of a normally designed a-c 
generator operating at 80 per cent power factor may be 
as high as 40 per cent. This value can be lowered by 
altering the design of the generator but with results of 
uneconomical use of materials, increased field heating, 
and low’ values of reactance. Low reactances in turn 
allow large short-circuit currents which produce ab- 
normal stresses in the end turns of the generator arma- 
ture, require large interrupting switches, and are in 
general undesirable. In order to use generators of normal 
design the use of a voltage regulator thus was unavoid- 
able. At the present time standards require that the 
regulation of the a-c generator must not exceed 38 per 
cent. The actual value of regulation, however, is rela- 
tively unimportant since the regulator is necessary with 
this type of generator. 

In some respects the voltage-regulator requirements 
are more exacting than in the usual generating station. 
The large ratio of generating capacity to connected 
motor load that is usually found in central stations is not 
present on board ship; therefore, the starting of one 
large induction motor may have considerable effect on 
the voltage of the generator to which it is connected. 
For this reason it frequently becomes necessary to make 
large instantaneous changes in the field of the ship’s 
service generator. 

Some changes were Peouiced in the regulators com- 
mercially available to make them suitable for naval 
service. The principal requirements were that they be 
capable of effecting large instantaneous changes in the 
generator field current, that they resist the effects of 
salt-laden sea air and oily vapors of the engine room, 
and that they be sufficiently shockproof to permit satis- 
factory operation. These requirements have been met 
in the regulators now in naval service and the success of 
the present a-c ship’s service systems is in no small 
measure due to the reliable operation of this relatively 
small but important piece of equipment. 


INSTRUMENTS AND INSTRUMENT TRANSFORMERS 


In addition to the voltmeters and ammeters required 
for a d-c system, the a-c system requires a power-factor 
meter and a wattmeter. Parallel operation also requires 
the use of a synchroscope. 

The problem of switchboard design is further compli- 
cated by the necessity for instrument transformers. 
These fall into the two general classes—potential trans- 
formers and current transformers. The former are used 
to step down the 450-volt bus voltage to a nominal 115 
volts for use on instruments, meters, and relays. The 
latter are used to step down the current from its large 
primary value to a nominal five. amperes. ‘This pro- 
vides two advantages: first, it completely insulates all 
instrument terminals from the bus or generator circuit; 
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and, second, it performs the same function as a shunt in 
a d-c circuit and accurately portrays on an instrument 
the actual current in the bus without requiring that heavy 
current leads and impossibly large instruments be placed 
on acontrol switchboard. The first factor eliminates one 
additional operating hazard; the second is a practical 
necessity. 

But while such transformers exist on all modern a-c 
switchboards their application to naval switchboards de- 
mands special technique. Careful circuit planning is 
required in order that the failure of an instrument trans- 
former may not interrupt the operation of the system. 

A second factor which influences the design is the 
fact that dangerous potentials exist on the secondary of 
a current transformer when the primary is excited and 
the secondary has accidentally been opened. This possi- 
bility likewise exists in commercial installations, but there 
the current transformers are not subject to gun fire and 
mine explosions, conditions which may cause accidental 
circuit interruption. This possibility has brought about 
the adoption of an automatic voltage-limiting device 
which acts to close the current transformer circuit when 
certain voltages are reached, thus removing any operat- 
ing hazard. 


POWER FACTOR 


The problems introduced by the power factor of the 
a-c ship’s service system were different in many respects 
from those of the usual industrial installation. The 
anchor and cruising loads could be expected to be 
reasonably steady, but the armament auxiliaries that 
are brought into action during battle conditions com- 
prised loads of a highly fluctuating and intermittent 
nature and furthermore they require the largest motors 
installed for ship’s service. Careful planning was there- 
fore necessary to prevent excessive heating or voltage 
reduction on the various distribution circuits during 
periods of low power factor and peak loads. 

The chief advantage of the a-c system was that it 
permitted the use of squirrel-cage induction motors in 
conjunction with full-voltage starting equipment. How- 
ever, the use of this equipment imposed severe require- 
ments on the generating and distribution systems. Un- 
fortunately the starting current of an induction motor 
on full voltage may be five to six times normal current 
and the power factor during the starting period may be 
as low as 15 to 20 per cent. The time for reaching full 
speed will depend upon the starting torque of the 
motor as well as upon the apparatus being accelerated, 
although it is usually a matter of only a few seconds. 
Such operating conditions demand a quick-acting volt- 
age regulator and a generator with considerable stability. 

During the period of d-c operated auxiliaries, it was 
customary to install motors with greater capacity than 
was actually required. This practice resulted in excess 
weight but it insured ample overload capacity, low 
operating temperatures, and worked no particular hard- 
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ship on the generator. The first induction motors in- 
stalled had similar ratings and hence operated at less 
than full load. This created an undesirable operating 
condition since the power factor of an induction motor 
decreases as the load is reduced. The result was that the 
first a-c systems had a low power factor. The solution, 
of course, was to discontinue the practice of overmotoring. 
Practically all induction motors now used for ship’s 
service are either two-, four-, or six-pole machines and 
have a reasonably good power factor at full load. Since 
all standard machines have at least 200 per cent maxi- 
mum torque, sufficient momentary overload capacity is 
provided. In general the power factor of the usual ship’s 
service system now varies from 85 to 95 per cent and thus 
permits the use of an 80-per-cent-power-factor gen- 
erator. 


POWER TRANSFORMERS 


When generating ship’s service power at 450 volts, 
transformers are necessary for lighting and for a few 
small miscellaneous applications. However, this low 
voltage load seldom exceeds 5 per cent of the total con- 
nected load and the weight of the transformers is more 
than compensated for by the weight reduction in other 
apparatus. 

Provision for restricted emergency lighting with equip- 
ment capable of withstanding severe shock has long been 
a problem in naval service. The 6-volt automobile head- 
light type of bulb was best suited to this service but the 
extremely large and heavy feeders necessary for distri- 
bution made its use prohibitive. The usual practice on 
d-c systems was to supply this emergency lighting from 
storage batteries at approximately 30 volts. The bat- 
teries, however, with their excessive maintenance, fre- 
quent replacement, weight, and space requirements did . 
not provide an entirely satisfactory solution. The adop- 
tion of alternating current permitted the use of small 
stepdown transformers used in conjunction with the 
more rugged 6-volt light bulbs. The transformer may be 
arranged to supply a group of lights or, where desirable, 
it may be compactly fitted into individual lighting fix- 
tures. The flexibility of this arrangement provides a 
reliable emergency lighting system. 


REDUCED-VOLTAGE MOTOR STARTING 


Three-phase squirrel-cage induction motors of any 
commercial size may be designed for full-voltage starting. 
In addition, such features as normal starting torque with 
low starting current or high starting torque with low 
starting current may be provided. Whether or not the 
motor may be started on full voltage will depend upon 
the ability of the generator and voltage regulator to 
maintain a voltage sufficiently high to prevent the inter- 
ruption of operation of other motors, lighting circuits, 
and control devices. The limitations of the usual ship’s 
service generating plant require that the largest motors 
be started on reduced voltage and this is usually ac- 
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complished by the use of autotransformers with suitable 


starting taps. 

A rule that has been used in naval design for deter- 
mining whether a motor might be started on full voltage 
is that the locked rotor current of the motor must not 
exceed 50 per cent of the full load current of the genera- 
tor supplying the power. This rule is not an absolute 
standard and in certain cases the 50 per cent value may 
be decreased or increased after an analysis of the par- 
ticular application has been made. On a battleship, 
for instance, it may be found that in a certain motor 
group a motor of 100 horsepower can safely be started 
across the line while in another group it may be neces- 
sary to use reduced voltage starting for a 75-horsepower 
motor. The frequency of starting may also influence the 
method selected. In general, it will be found that less 
than 20 per cent of the installed motor horsepower re- 
quires reduced-voltage starting. 


VARIABLE-SPEED MOTOR APPLICATION 


There are a few auxiliaries on board ship which re- 
quire some degree of speed variation. Ventilating fans 
constitute the principal application of this type. The 
quantity of ventilating air required in different parts of 
the ship varies considerably owing to the extreme out- 
side temperatures encountered in northern and tropical 
waters as well as to variation in interior temperatures 
when at anchor or under way. Current practice is to 
use two-speed squirrel-cage induction motors for this 
application. The motors have two distinct primary 
windings and the control is arranged to energize the one 
desired. The control is somewhat more complicated 
than that for a single-speed motor but operation con- 
sists of merely pressing a “high,” “low,” or “stop” but- 
ton. The ventilating-fan motors will usually not exceed 
10 per cent of the total installed motor horsepower. 

Other applications requiring speed variation are the 
fuel-oil and circulating-water pumps. These are usually 
driven by either two-speed or four-speed squirrel-cage 
induction motors and may constitute 1 per cent to 11/2 
per cent of the installed horsepower. 

Approximately 1 per cent of the installed horsepower 
is of the wound-rotor induction type for variable-speed 
operation. These are chiefly applied to winches, cap- 
stans, cranes, and similar equipment. 

A number of motors are connected to their loads 
through variable-speed hydraulic transmissions. The 
steering gear, gun-turret training gear, and anchor 
windlasses are examples of this application. The char- 
acteristics of the hydraulic transmission are so well 
adapted to the severe speed and torque requirements of 
these auxiliaries that this type of drive would be used 
with either d-c or a-c motors. 


D-C POWER 


Direct current is still required for a few purposes, the 
principal ones being searchlight supply and excitation 
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for the a-c generators. Where small amounts of d-c 
power are required, as on destroyers, it is possible to de- 
sign a satisfactory oversize exciter directly connected to 
each generator. This supplies power for the excitation 
of the generator and affords a reliable source of direct 
current for other purposes. This arrangement was 
adopted on the first two destroyers equipped with alter- 
nating current for ship’s service and is the method fol- 
lowed today for that class of vessel. 

For larger vessels this method was considered less 
desirable; therefore the use of motor-generator sets was 
adopted as the standard arrangement. Normally, two 
sets are used, each located in separate machinery spaces. 
Some consideration was given to the use of separate 
steam-driven d-c generators, but the small size, simplicity, 
and general dependability of the motor-generator set 
were considered to outweigh the slight advantage which 
an entirely independent unit might offer. 


EMERGENCY GENERATORS 


The problem of supplying an effective emergency 
source of a-c power was more difficult to deal with. 
Stand-by power on a d-c system can be supplied by 
storage batteries. ‘This is an excellent source of power 
and has a good record for dependability. The problem 
of supplying an equally dependable source for the a-c 
system offered the following possibilities: 


1. The use of a battery-powered motor-generator set. 
2. The use of a steam-driven a-c generator. 


3. The use of an internal-combustion-engine-driven a-c generator. 


Fortunately a reliable high-speed light-weight Diesel 
engine became available and that type of prime mover 
was adopted for the following reasons: 


1. In event of a failure of steam supply, or when desired for port 
use, the emergency supply would be immediately available. 


2. The Diesel engine is dependable, quick starting, and may be 
located in any convenient part of the ship. 


3. The Diesel-engine set would be capable of supplying power 
continuously, whereas storage batteries have a limited capacity. 


These emergency Diesel sets may be started either by 
batteries or by compressed air. The usual practice is to 
employ batteries for sets up to 100 kw and air for those 
of greater capacity. These sets are capable of being 
brought from standstill to normal full load within ten 
seconds. 

Much thought and time have been spent on the prob- 
lem of properly designing these emergency sets and the 
control circuits to govern their operation. It is necessary 
to place such generators on the line almost immediately 
after the failure of the main generators, yet it is desirable 
to avoid unnecessary and premature starting. The prob- 
lem is further complicated by the fact that a-c motors 
under load cannot always be transferred instantaneously 
from one source to another, especially when the phase 
relations are not the same. It becomes necessary at 


rs 


times deliberately to slow down the action of such 
transfer to allow the magnetic flux present in the motor 
to decay before reapplying voltage. The delay in trans- 
fer is, however, a matter of only a few cycles and must 
be carefully controlled to provide, in so far as possible, 
an uninterrupted flow of power throughout the ship. 


EDUCATIONAL PROGRAM 


The change from direct to alternating current intro- 
duced the problem of instructing the naval operating 
personnel in the fundamentals, installation, and opera- 
tion of a-c equipment. This was accomplished by issuing 
instruction courses for use by electrician’s mates on 
board ship under the supervision of the engineering 
officers, by establishing schools on shore for selected 
petty officers, and by special inspection trips and courses 
at a number of the manufacturers’ plants. 


TESTS AND SPECIFICATIONS 


It has been previously mentioned that the require- 
ments for naval service are more rigid than those of the 
usual industrial installation. New types of equipment, 
such as transformers, voltage regulators, etc., which were 
introduced with the adoption of alternating current, 
required exhaustive tests to determine their fitness for 
naval service. Well-equipped laboratories are main- 
tained for performing these tests. The testing program 
has been carried on in conjunction with the efforts of 
the various manufacturers, and some tests of a highly 
special nature have necessarily been conducted in their 
research laboratories. Various test methods have been 
adopted and are revised as found necessary. 

The task of writing suitable specifications for this type 
of equipment was a huge undertaking and its progress 
obviously depended upon the tests just mentioned and 
their results. Much has been accomplished in this di- 
rection and there are now specifications for all equip- 
ment adopted for use. New specifications and revision 
of those in existence are, of course, constantly required, 
because of the introduction of new ideas and develop- 


Table I. Comparison of A-C and D-C Motors 


A-C—Squirrel-cage, induction type, three-phase, 60 cycles, 440 volts, 
7,750 rpm 
D-C—Shunt-wound, constant speed, 1,750 rpm, 230 volts 


Per Unit Values 
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Table II. Comparison of A-C and D-C Motors 
A-C—Squirrel-cage, induction type, three-phase, 60 cycles, 440 volts, 
7,160 rpm 
D-C—Shunt-wound, constant-speed, 1,150 rpm, 230 volts 


aE 
Per Unit Values 
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ments, but this is only to be expected during the normal 
course of progress. 


COMPARISON OF A-C AND D-C EQUIPMENT 


Tables I, II, III, and IV show weight, cost, and space 
requirements of a-c and d-c motors, generators, and con- 
trol. The values were obtained from a leading manu- 
facturer and may be considered typical of present con- 
struction. The tabulated values in Tables I, II, and 
III are based on standard industrial equipment; how- 
ever, any change in the relative values for the two types 
of apparatus due to special naval requirements is negli- 
gible. 

In the interests of economy each manufacturer has 
established a number of different frame sizes for motors 
and enclosures for starters. Various motor ratings may 
be built on a given frame size; however, the change 
from one size to another does not necessarily occur at 
the same point or rating for all manufacturers. For this 
reason similar tables made up from different manu- 
facturers’ data will show some variation in weights and 
space requirements. The intention here is not to give 
exact values for each rating but to show in general the 
relation between the two typesiof equipment. In prac- 
tically all instances the d-c equipment is heavier, costs 
more, and requires more space. The motor speeds of 
1,750 and 1,150 rpm were chosen because the majority 
of a-c motors now used on board naval vessels fall within 
this speed range. 

In Tables I and II the comparison is made on the 
basis of 440-volt a-c motors and 230-volt d-c moiors. 
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> Table I. Comparison of Starters for A-C and D-C Motors 


A-C—Starting duty only, full voltage, 440 volts 
D-C—Starting duty only, full voltage, 230 volts 
a ————————————— 
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Table IV. Comparison of A-C and D-C Diesel-Electric Pro- 
pulsion Equipment 


Basis: 12,000 shaft-horsepower twin-screw vessel having propeller speed of 
140 rpm. Dimensions, weights, and costs are per unit values 


A-C System D-C System 


Propulsion motors 
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tric propulsion system. From the standpoint of weight 
and cost, considerable advantage is shown in this par- 
ticular application for the a-c equipment. It should be 
recognized, however, that in some instances, depending 
upon the size, type, and duty of the vessel, the d-c pro- 
pulsion system may have advantages which are not 
shown here. The system adopted will depend upon the 
proper consideration and weighting of all the various 
factors involved. 


SHIP’S SERVICE EQUIPMENT ON A MODERN 
BATTLESHIP 


In order to show how extensively electricity is now 
used for the operation of a modern warship, the ship’s 
service equipment on a battleship will be briefly de- 
scribed. The total connected load is approximately 


Table V. Principal Ship’s Service Equipment 
re 
Generator Equipment 

Machines Kilowatts 
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Eight 1,250-kw 80-per-cent-power-factor 450-volt three-phase 60-cycle 
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Number of Total Installed 
Application Motors Horsepower 


Squirrel-cage induction motors 
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9,000 kw. The anchor load has been calculated as 
2,000 kw and the normal cruising load 2,500 to 3,000 kw. 
The battle load will be about 5,000 kw. These values 
are only approximations since the load is subject to wide 
fluctuations. A large percentage of the installed horse- 
power is for intermittent operation and the ratings are 
therefore only nominal. These motors may be called 
upon to deliver 180 to 200 per cent of their name-plate 
rating for short periods of time. 

In discussing the electric equipment of a modern 
battleship it should be remembered that under the most 
favorable prewar conditions it took approximately four 
years to complete the vessel. Thus it may not always be 
possible to utilize developments which may have occurred 
during the period of construction. Changes are constantly 
being. made in combatant vessels to increase their ef- 
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fectiveness and reliability and such changes are usually 
reflected in the ship’s electrical installation. Before a 
vessel is actually put into operation, “‘present practice” 
with regard to certain equipment may be superseded 
by new and better arrangements on later vessels. In 
view of the constantly occurring changes it is therefore 
impossible rigidly to define current practice covering 
all apparatus. 

The principal auxiliary or ship’s service equipment is 
listed in Table V. The eight turbine-driven generators 
are arranged two each in four separate watertight ma- 
chinery spaces. A generator and distribution switch- 
board is also provided in each space for each pair of 
generators. Switches and bus tie feeders form a loop 
to permit any of the eight generators to be operated in 
parallel, or, if desired, they may be divided into four 
independent generating plants. The installed generat- 
ing capacity of 10,000 kw is twice the estimated battle 
load, thus providing ample stand-by capacity. 

The generators are equipped with a closed system of 
ventilation, and water coolers remove the heat from the 
ventilating air. Protection is provided by signal alarms 
in the lubricating-oil system which operate when the 
pressure falls below a safe value and by resistance-type 
temperature detectors embedded in the armature wind- 
ing. Heating elements are installed below each genera- 
tor to prevent damage from condensation during idle 
periods. 

The two Diesel-engine-driven emergency generators 
and switchboards are located in separate compart- 
ments, one forward and one aft of the main machinery 
spaces. Each of these generators operates independently 
of all other generators. The. engines are automatically 
started when the system voltage falls below a predeter- 
mined value. Starting is accomplished by air and the 
sets are capable of being brought from standstill to full 
load and speed in less than ten seconds. 

Emergency power supply from these two sets is to be 
furnished to the following auxiliary equipment: 


Lighting 

Five-inch gun mounts 

Radio transmitters and receivers 

Auxiliary circulating pumps 

Auxiliary condensate pumps 

Fuel-oil service pumps (port use) 

Control buses 

Interior communication and fire control systems 
Motor-operated main condenser valves 


A direct-connected exciter is provided for each a-c 
generator. The exciters do not operate in parallel but 
provide excitation to their respective generators only. 
They are of the open type and are self-ventilated with 
dripproof protection. 

The largest d-c generators on the vessel are those for 
supplying the searchlights. These are driven by syn- 
chronous motors and are capable of operating in parallel. 

On this vessel 96.6 per cent of the generating equip- 
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Table VI. Motors for Auxiliaries 


ant 
Per Cent of Total 


Installed Motor 
Type of Motor Horsepower 

J See 
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ment is of the a-c type. This figure is representative of 
the extent to which modern combatant ship auxiliaries 
are operated by alternating current. Table VI shows 
the various types of motors used for driving the auxil- 
iaries. 

The single-speed squirrel-cage motor has been used 
wherever possible. All of the largest motors are of this 
type and operate at either 1,200, 1,800, or 3,600 rpm 
(synchronous speed).. 

The two-speed motors are used for driving ventilating 
fans and operate at either 900 and 1,200 rpm or 1,200 
and 1,800 rpm. This necessitates two separate stator 
windings in each motor. As previously mentioned, this 
two-speed arrangement is considered necessary in order 
to provide the proper quantity of air under all operating 
conditions. 

The only synchronous motors used are the two ma- 
chines driving d-c generators for searchlight operation. 
They operate at leading power factor to provide some 
corrective kilovolt-amperes for the system. 

There are a few applications of wound-rotor motors 
for high starting torque or variable-speed operation but 
these comprise only a small part of the installed horse- 
power. The single-phase motors are fractional-horse- 
power size and are usually operated from lighting cir- 
cuits. 

The galley cooking equipment consists of ranges, 
coffee-making equipment, and electrically operated 
utensils. In addition to the 365 kw of cooking equip- 
ment there are approximately 25 horsepower of motor- 
operated devices, such as dough mixers, potato peelers, 
dish-washing machines and others. 

The sick-bay and battle-dressing station equipment 
consists almost entirely of stationary apparatus such 
as water heaters, sterilizers, X-ray equipment. Most of 
this equipment operates on 115 volts in order to utilize 
commercial products as far as possible. 

The distribution system has been carefully planned. 
There are four main generator and distribution boards 
and each of these feeds smaller lighting and power dis- 
tribution boards which are located at various load 
centers. Duplicate feeders, each located in cableways 
on opposite sides of the ship, supply power to the gun 
turrets, antiaircraft guns, central stations, damage con- 
trol pumps, battle lighting, etc. The steering-gear 
motors have a number of duplicate supply feeders. No 
cables are run through magazines and all cables for 
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battle power and lighting are run below the protective 
deck and behind armor wherever possible. 


NEW APPLICATION OF A-C MACHINERY 


The Navy now has under construction two submarine 
tenders which are very similar except that one will be 
equipped with a Diesel-driven d-c propulsion system 
and the other will have Diesel-driven a-c propulsion, 
Both vessels will have a-c ship’s service power. The 
Diesel a-c propulsion system will constitute the first such 
application on a naval vessel. Likewise this will be the 
first use of synchronous motors for propeller drive in the 
Navy. A general description of this equipment follows: 

Two separate watertight machinery spaces are pro- 
vided for the propulsion equipment. Four Diesel-engine 
generator sets, one propulsion motor, an excitation 
motor-generator set, and one control unit are located in 
each compartment. The two propulsion systems oper- 
ate independently of each other. 

The generators are rated 1,150 kw, 95 per cent power 
factor, 2,400 volts, 759 rpm, three-phase, 62.5 cycles. 
They have a closed self-ventilating system with surface- 
type water coolers. Two generators in each compart- 
ment are used for propulsion power only and are excited 
from a separate motor-generator set. The other two 
generators in the same compartment have direct-con- 
nected exciters and may be used either for propulsion or 
for parallel operation with the regular ship’s service 
generators during periods of excessive power demands 
for submarine servicing. Amortisseur windings are pro- 
vided in all generators to minimize hunting action. 

The propulsion motors are of the synchronous type 
and are rated 5,900 horsepower, 2,400 volts, three-phase, 
62.5 cycles, 139 rpm. Each motor is directly connected 
to its respective propeller shaft. The ventilating system 
is closed and equipped with water coolers. Two sepa- 
rate motor-driven fans supply forced ventilation for each 
unit. Amortisseur windings are provided for starting, 
maneuvering, and for limited operation at speeds less 
than 25 per cent of normal. Dynamic braking is em- 
ployed to aid in stopping the propeller prior to reversal. 

The motor-generator set supplying excitation for this 
synchronous machinery has two separate generators. 
One is sufficiently large to furnish excitation for four pro- 
pulsion generators and the other supplies excitation for 
The fields of these two exciters 
Normally, each 


the propulsion motor. 
are regulated by a single pilot exciter. 
exciter will supply its respective propulsion motor or 
propulsion generators. However, during the starting, 
reversing, maneuvering, and slow-speed periods of the 
propulsion motor, when overexcitation is required on 
the propulsion generators, both exciters may be con- 
nected in series across the propulsion generator field to 
provide the necessary field forcing. 

Propeller-speed variation between 100 per cent and 
25 per cent of normal is obtained by regulation of the 
fuel supply to the Diesel engines. When operating in 
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parallel, the adjustment is made simultaneously on all 
engines. The frequency of the synchronous machinery 
thus varies between 16 and 62.5 cycles for the foregoing 
speed variation. Provision is made for simultaneous and 
automatic rheostatic adjustment of the propulsion gen- 
erator and motor fields at various speeds and loads. 

Where power transformers are required, naval prac- 
tice in the past has been to use the air-cooled single- 
phase type. ‘These units are delta-connected and, in 
case of failure, one unit may be disconnected and the 
remaining two operated open delta. Although the 
weights are increased by using air-cooled rather than 
oil-cooled types, the use of oil has been prohibited be- 
cause of the fire hazard. 

On this submarine tender, two fairly large trans- 
formers are used in conjunction with the propulsion 
generators, which are .arranged to supply additional 
power for ship’s service. In order to reduce weight, 
three-phase units are being used. They are rated 
1,000 kva, 2,400/450 volts. The low-voltage winding is 
delta-connected. Additional weight saving is effected 
by the use of a noninflammable insulating and cooling 
medium in the transformer. These noninflammable 
liquid-filled transformers are now widely used in indus- 
trial installations. Their application here illustrates 
how industrially developed apparatus may often be used 
to advantage by the Navy. 

On a vessel of this type, with the great variety of shop 
equipment, cranes, foundry, etc., the ship’s service con- 
nected load will necessarily be quite high. In this case, 
loads of 2,500 kw are expected at certain times and the 
total connected load will be approximately 6,000 kw. 

One rather severe requirement imposed on the gen- 
erating system is the operation of two 125-kw single- 
phase arc furnaces installed in the foundry. To avoid 
this undesirable single-phase load, the use of three-phase 
units was considered. However, such units were not 
commercially available and the scheme finally adopted 
was to supply either one or both furnaces from a single 
500-kw generator. In case only one unit is in opera- 
tion, the single-phase load will not exceed 25 per cent 
of the generator rating, which value is within the allow- 
able single-phase load. For operating two furnaces, a 
two-phase-three-phase transformer connection is used, 
which results in very little unbalance on the generator 
beyond that normally present in arc-furnace operation. 

Another large auxiliary load is that of an 850-kw 
motor-generator set used for submarine battery charging. 
This set is driven by a synchronous motor and power is 
supplied from the propulsion generators. 

The operation of this a-c propulsion system will be 
watched with great interest, since it provides an un- 
usual opportunity for comparing d-c and a-c systems. 


CONCLUSION 


The advantages of alternating current for the large 
propulsion systems now in operation in the United 
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States Navy were obvious from the beginning. D-c 
generators and motors are limited to relatively low 
voltages, and for large power installations equipment 
suitable for handling the abnormal current was neither 
available nor practicable for shipboard installation. 
The a-c system was therefore adopted for all large pro- 
pulsion systems. 

The situation with regard to ship’s service power pre- 
sented a different aspect. D-c systems were in operation 
on existing vessels and the adoption of alternating 
current for new vessels involved a number of problems 
which have been treated in some detail. The change- 


over was made in the interests of the advantages pre- 
viously outlined. It is believed that the operating 
record of these a-c systems for the past eight years and 
the. present general approval by naval personnel offer 
sufficient justification for such a major change. 

In conclusion, it is desired to acknowledge the valuable 
assistance contributed by the electrical industry in 
adapting a-c equipment to naval service. ‘The repre- 
sentatives of the industry have willingly given their 
time and the benefit of their engineering experience 
and the success of these a-c systems is largely due to 
this generous co-operation. 


Traveling Waves on Transmission Lines 


ERNST WEBER 


FELLOW AIEE 


HE USE of the Laplacian transformation in com- 

bination with tables of Fourier integrals reduces the 
solution of transmission-line problems to the same status 
as evaluating definite integrals by means of tables of 
integrals. ‘Though this extension of operational meth- 
ods is as yet unfamiliar to many, its great power, if once 
grasped, will rapidly increase its use. 

Although the analysis of transient phenomena on 
transmission lines can be carried out by the direct 
operational method,’ it is greatly facilitated by the use of 
the Laplacian transformation,* the recent and probably 
most powerful extension of operational methods. This 
is true for any type of problem, be it in the field of elec- 
tric-power transmission, or in the propagation of com- 
munication signals and speech, or in the transmission of 
broadcast sound and pictures. Like no other method, 
the Laplacian transformation permits a clear and con- 
sistent physical interpretation of each successive step in 
the analysis, which is extremely helpful when difficult 
decisions have to be made with respect to tolerable dis- 
tortion, needed selectivity, required suppression of re- 
flections, and other similar considerations. 


THE LAPLACIAN TRANSFORMATION 


Since various authors have used different notations 
and slightly different definitions, it seems necessary to 
give a brief exposition of the mathematical background 
so far as it is needed for a clear understanding of what 
follows. 


Ernst Weber is professor and head of the department of graduate electrical engi- 
neering, Polytechnic Institute of Brooklyn, Brooklyn, N. Y. 


302 Weber—Traveling Waves on Transmission Lines 


There are perhaps no other physical phenomena 
in which the power and relative simplicity of the 
operational method are so apparent as in the solu- 
tions for traveling waves on transmission lines. 
This article develops the general expressions for 
the voltage and current at any point on the line. 
The traveling voltage waves of special interest to 
the power engineer, and the undistorted current 
wave of particular interest to the communications 
engineer, are discussed. Reflection factors are 
introduced and an example presented to illus- 
trate their use. 

This article is the fifth and last of a series pre- 
sented as lectures before the basic science group of 
the AIEE New York Section in a symposium on 
‘‘Advanced Methods of Mathematical Analysis as 
Applied to Electrical Engineering.” The first 
article, on Heaviside’s operational calculus, ap- 
peared in the February issue of Electrical Engi- 
neering and has since been followed by articles on 
integration in the complex plane, Laplacian trans- 
forms, and Fourier integrals. For a more com- 
plete and rigorous discussion of any of these topics 
the reader may refer to the list of references 
accompanying each article. 

A consolidated pamphlet reprint of this series 
will be available shortly at a cost of $1 per copy; 
see page 321 for details. 


PAUL C. CROMWELL, Chairman Symposium Committee 


(College of Engineering, New York University, New York, N. Y.) 
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If f(é) is a physically possible but otherwise arbitrary 
function of time, then it usually permits the evaluation 
of the “Laplace integral” 9°”! J(t)dt, where p is an 
arbitrary complex parameter with Re(p) >a, and a is the 
smallest value for which the integral converges ab- 
solutely, that is, for which 


a2. 
lim Wh |e~* f(t) |dt< ow 
tron Jo 


The value of the Laplace integral, if it exists, is naturally 


a function of only the complex variable £, say F(). 
If one then writes : 


F(p) = fe e-™ f(t)dt Re(p)>a (1) 
0 


one has a unique relationship between a given function 
of the real time variable ¢ and a new function F(p) of 
the complex variable . As a process, equation 1 is 
called the Laplacian transformation; as a result, F() 
is called the Laplacian transform of f(t), in symbols 
sometimes 


F(p) =L f(t) (1a) 


The most important aspect of this transformation for 
all applications is the fact that f(t) can be arbitrarily 
discontinuous, yet the transform F() will always be a 
continuous function inf. Thus, as the simplest and most 
frequently used illustration, take “‘unit step”? voltage 


e(t) = 1 te ts = H(t) =1=S-1(t) (2) 


where, in succession, the terms indicate the mathematical 
definition, the notation as the ‘‘Heaviside function,” 


and the Heaviside symbol, all having identical meanings. 
The Laplacian transform of this unit step is 


E(p) -{ e™dt=1/p (3) 
) 


an analytic function of p, regular in the entire p-plane 
with the exception of =0, where it has a pole of the 
first order. 

Again taking a “unit step” voltage, but now assuming 
that the discontinuity, or sudden rise, occurs at t=.T, 
one has the definition 


0 for i< T 


a eet H(t—T) =1¢=7)=5-1G— 7) (4) 


and the Laplacian transform becomes 


E(p) -f eat= (5) 
- p 


The shift of the discontinuity in the ¢-variable therefore 
is transformed into an exponential factor € ” ” as the com- 
parison with equation 3 shows. This relation is of ut- 
most importance in connection with propagation phe- 


nomena. 
Equation 1 defines the transformation from the do- 


main of time functions into the domain of the complex 
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p-functions. The inversion of this transformation is ob- 
tained by the complex line integral 


1 ‘c+ 00 . 
fi)= rey i &F(p)dp c>a (6) 
ere yin 


which leads, however, to f(t)=0 for ¢<0. In the direct 
transformation given by equation 1, no specification of 
the function f(t) for <0 was required; it is now neces- 
sary to stipulate f(t) =0 for t<0 in order to make equa- 
tions 1 and 6 consistent, to round out the process as a 
reversible one, and thus give it its great significance in 
applications to physical problems. The reasons can- 
not be elucidated here; for further information see list of 
references. The relation 6, as a process, is called the 
inverse Laplacian transformation and the result f(t) is 
called the inverse Laplacian transform of F(p), in sym- 
bols sometimes 


f() =L1F(p) (6a) 


Applying the integration 6 to the transform 3 one again 
obtains the definition 2 with the additional statement 
that ‘“‘unit step” voltage has the value 1/2 att=0, com- 
patible with the Fourier integral concept of finite dis- 
continuities. 


TABLES OF FOURIER INTEGRALS AND THE LAPLACIAN 
TRANSFORMATION 

The rigorous mathematical treatment of the Laplacian 

transfermation rests heavily upon the Fourier integral 

theorems and indeed can be considered as a special case 

of these of particular practical applicability. Since the 

dual forms of the Fourier integrals can be written with 


p= jwas 


+ oO 
F(jw) -f eft f(t)dt (7) 


and 


1 eis 
fo=x fi EF jo)dw (8) 


one observes that equation 7 takes on the same form as 
equation 1 if f(¢)=0 for <0. Thus the tables of Fourier 
integrals can be used immediately as tables of Laplacian 
transforms, if one admits only cases with f(t)=0 for 
£<0. 

The most complete collection of Fourier integrals is 
the one by G. A. Campbell and R. M. Foster;* in sub- 
sequent references to these tables the abbreviation 
“CF-tables’”’ is used. Generally, this article employs a 
slightly different notation than given in the CF-tables, 
a notation which follows directly from a comparison of 
forms 7 and 8 with the basic forms on top of page 37 of 
the CF-tables. 


LAPLACIAN TRANSFORMATION OF TRANSMISSION- 
LINE EQUATIONS 


Accepting, for the purposes of this treatment, the 
simple conventional partial differential equations which 
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describe in first approximation the current-voltage rela- 
tionship for long lines,*’ we have 


de di 

a Seay 9a 
= +1 ane (9a) 
Or Oe 

SS apes 9b 
Ox mu ate oy 


Here ¢=e(x, t) and 7=i(x, ¢) are voltage and current, as 
functions of both distance x counted from the “‘sending 
end” x=0, and time counted from the instant of “dis- 
turbing the equilibrium” on the line. The inductance, 
resistance, capacitance, and leakance, of the line per 
unit length are indicated respectively by J, 1, ¢, g. 
Equations 9 are frequently referred to as “‘the complete 
telegrapher’s equations.” 

Though both voltage and current are functions of two 
variables, the concept of the Laplacian transformation 
can be applied with respect to the time variable ¢, 
considering x hereby as a continuously variable parame- 
ter. Multiplying both sides of both equations 9, 
term for term, by « ” (where Re(p) >a), and integrating 
with respect to ¢ from 0 to ~, one obtains the Laplacian 
transforms 


ff e(x, the ?'dt= E(x, p) (10) 
0 

Oe ra) a re) 

Pas — Pl te ae Ye a 
ff ¥ € ah e(x, the dt Be E(x, p) 


i x edt =[ €~?"e(x, t) nate f e(x, the ?'dt = —e9(x) + 
0 0 pE(x, p) (0b) 


where é9(x) denotes the known initial voltage distribution 
along the line at =0. In deriving equation 10d it was 
also assumed that [e ”e(x, f)] vanishes at {= ~, which is 
certainly true for all physically realizable cases, provided 
that a>0. Exactly similar relations hold for the current 
i(x, 4) and its Laplacian transform I(x, p). 

The partial differential equations 9 become now in 
the complex /-domain 


(10a) 


dE(x, 

— EP) — tints) biplls, #) +1, f) (tia) 
ol (x, 

= TE — cals) + cpE le, P)+EEL, (tb) 


Since # is to be considered a continuously variable com- 
plex parameter, x is the only remaining independent 
variable and equations 11 can be rewritten as the ordi- 
nary inhomogeneous differential equations 


dE } 
= alias) + ptr) (12a) 


dl 
ais —ceo(x) + (ch+g)E (12b) 


where, again, F and J are the Laplacian transforms of 
voltage and current as defined by equation 10, and 
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eo(x) and ig(x) denote the known initial distributions of 
current and voltage along the line. Equations 12, to- 
gether with two given independent boundary conditions 
specifying current or voltage values, or a combination of 
both at sending or receiving ends of the line, completely 
state the most general transmission-line problem. The 
initial conditions are contained in the differential equa- 
tions in the same manner as in lumped circuit problems,? 
so that the number of arbitrary integration constants is 
less than in the classical method. 


GENERAL SOLUTION OF TRANSMISSION-LINE 
EQUATIONS 


In order to effect a solution, equations 12 can be com- 
bined into a single differential equation of the second 
order in x by differentiating equation 12a with respect 
to x and substituting d//dx in equation 12d, thus giving 


i a jis ve 


Tas —c(lptr)e(x) +-YVE=N(x)+7E (13) 
x 
where 
M(x) = oe —c(lp-+r)e0(x) 
b 
(14) 


1 
= (Ip+r) (ch+g) = [Co +e)!—orl 


with 


aes aad pubic > aes 
Nie p= 3(4), o= (2 ‘) (5) 


The general solution of equation 13 is the sum of the 
solution of the homogeneous differential equation 


—— = YE (16) 


which is of the exponential type, and the particular 
integral of the inhomogeneous equation 13. Thus, one 
has for the Laplacian transform of the voltage 


yz 
E(x, p) = Ae" + Be? — If €-77 N(x)dx— 
Hf 


aU 
Dy i €Y*N(x)dx (17) 


where A and B are arbitrary integration constants. For 
the Laplacian transform of the current one obtains, by 
using equations 12a and 17 


I(x, p) = =| = Acie Bere ales e-7?N(x)dx— 


mab erM dart nti) } (18) 
where 


—lptr lips Fe 
Kae : -? raat. ip +(o+c) (19) 
opts ¢ Vp+(p—o) 
is termed the characteristic parametric impedance of the 
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ZolP) U(o,t) Figure 1.  Sche- 


matic diagram of 
Zq(P) transmission line 
with general im- 
pedance termina- 

tions 


eg(t) e(0,t) 


e(d we 
- 


line, since it contains only the characteristic line con- 


stants. 

The integration constants must now be evaluated be- 
fore the inverse transformation is applied, because in 
general they are functions of the parameter p. This 
means that the boundary conditions themselves must be 
expressed in terms of Laplacian transforms. Assuming 
the general terminations as shown in Figure 1 with 
é,(t) the applied voltage at the sending end, the condi- 
tions are in terms of the Laplacian transforms of all volt- 
age drops at x=0: 


E(O, p) =Leg(t) —I(0, p)Zo(P) (20) 
at x=d: 


where £o() and Z,(p)are the conventional parametric ex- 
pressions for the terminal impedances which for p= jw 


become identical with the complex a.-c. impedance ex- 


pressions. 

Introducing into equations 20 and 21 the special 
values of E(x, p) and I(x, p) from equations 17 and 18 
we arrive at two algebraic equations for A and B, so 
that these constants can be directly evaluated. It is 
then necessary merely to apply the inverse Laplacian 
transformation to the forms 17 and 18 with A and B 
replaced by their functional expressions. Usually, tables 
of Fourier integrals can be consulted, as is illustrated by 
a few examples. In special cases it might be convenient 
for the evaluation of the integrals involving N(x) to use 

dio(x) 
x 
tained from equation 94 by putting =0 there, namely 


dig(x) | O7 Oe 
=| — = —— —= fg 22 
dx =|, {I _, geo() eo 


SOLUTIONS FOR THE SEMI-INFINITE TRANSMISSION 
LINE 

As a simple illustration, assume an initially de- 
energized [N(x)=0] line extending to x= ~, and with 
voltage e,(¢) directly applied at t=0 to its sending-end 
terminals, 2(p)=Oatx=0. Since Re(y) >0, A=0 must 
be assumed to assure finite values of current and voltage 
at infinite distance from the supply. This takes the 
place of the general boundary condition 21; moreover 
condition 20 reduces to 


which can be ob- 


an alternative expression for 


E(0, p) =Leq (t) 


Thus the total solutions for the Laplacian transforms 17 
and 18 reduce in this simple case to 


E(x, p) =e Leg (t) (23) 
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(pth L 
Zz : éq(t) (24) 


c 


I(x, p) = 


with y and Z, defined by equations 14 and 19, and with 
the auxiliary definitions 15. 


In order to apply the inverse Laplacian transformation 
one has to specify the applied voltage. Assuming it as a 
suddenly applied d-c voltage of value V, then 


Le, (t) = LVS_;(t) -- (25) 


if one uses the notations S_,(¢) of the CF-tables, pair 415, 
for unit step occurring at ¢=0. It is also implied that 
one chooses in pair 415 the value of the arbitrary con- 
stant A= + 1/2 so as to obtain e,(t)=0 fort<0, With the 
definition 14 one now has to invert the Laplacian trans- 
forms 


E(x, p) = , ‘ev =e sexal —/ rae | (26) 
) exp | Vote | 


{i 322 
—V (b+p)?—0 


(27) 


where for the current transforms use has been made of 
equation 19 in an obvious transformation. Neither the 
current nor the voltage transform can be found directly 
in the CF-tables. However, pair 860.0 gives with a slight 
change in notation so as to avoid confusion of symbols: 


_oxplyV (tn (p+9]_ K =| 
7,71 =€ a(r+a)e7, —( _ ) 2 a2 
V (pn) (p+5) BN A 


t>y 


where J is the modified Bessel function of the first kind 
and zero order. Comparison with equation 27 shows 
the correspondence of symbols 


r=pto S=p>o 


x 
Ja 
v 


so that the fraction of equation 27 has the inverse Lapla- 
cian transform 


cert] on (:' Se (28) 


To obtain the complete expression for the current, one 
can now use pair 210 of the CF-tables 


is w= ff f(t)dt 
p 0 


where the lower limit of the integral must be 0 rather 
than (—) because in the Laplacian transformation 
f(t)=0 for t<0. One finally has 


i(x, t)= Ta (: tele fi i) [ coalege- ())| a 


x 
be 
v 


if LF(p) = f(t) (29) 


where the integration has to be performed on the 
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bracketed term; the lower limit necessarily becomes x/o 
since the integrand vanishes for t<x/v. 

This solution can best be interpreted if one assumes 
g=0, a nonleaky line, in which case from equation 15 


i(z, t)= Ti et (+ --(Y) > (31) 


According to the definition of inverse Laplacian trans- 
forms, the current is zero for t<x/v, that is, for every point 
x along the line it takes a time x/zv before a current can be 
measured even with the most sensitive ideal instruments. 
In other words, the current, flowing as a result of the 
applied voltage VS-i(¢), propagates along the line with 


a velocity Dy (see equation 15) and arrives at a 
C 


point x with magnitude 


V V 
c Sp ee Ay (32) 
tare E € 
OO) Vi/c R, 


Since )(0)=1, it appears therefore as if the initial cur- 


V 
rent, of value —7— at the sending end, is attenuated along 
Vi Ve 


; : : r 
the line with the attenuation constant 6= ai At the send- 


ing end, the application of the voltage V produces an 


V 
initial current —7=; this is the same result as if the line 
Vi /¢ 


for the first instant were considered as a resistance of 
value R,= V1 /c which is called the ‘‘surge resistance”’ of 


: : : x oat ays 
the line. As time increases and ¢>- a current variation is 
rd) 


observed at the point x which is essentially given by the 
second bracket in the form. 


Veres= ae 
i(x, o-[e *] [ e-n/A=aa | T>1 (33) 
3 
where ‘ 
x 
T=, T=6°- 


Here, 7 can be called ‘“‘numerical time” and 7 is a 
measure of the distance x from the sending end. Figure 
2 shows the time variation of the current at three differ- 
ent distances; obviously there is a great discrepancy be- 
tween the applied unit step voltage and the observed 
current variation so that from the point of view of signal 
transmission such a nonleaky line is not desirable. 

In power transmission it is imperative to insulate a line 
exceedingly well since the objective is to transmit power 
and not to lose it on its way. Usually, the voltage is of 


Figure 2. Current 
response on non- 
leaky line at vari- 
ous points along 
the line in case of 
unit step voltage 
applied at sending 
‘end 


determines the dielectric stresses in the insulating ma- 
terials of terminal equipment. For the general line, the 
inverse Laplacian transform of equation 26 can be found 
by pair 863.1 of the CF-tables which gives with the same 
notation as used above in the case of the current: 


Beats de PR es Fahey eee 
je expl-yV (+N O49 1= 5 Fan en V/2(rta)tye 


eS 1 
i E (r—s) Vimy [rete exp | -p20+9 | t>y (34) 


where now J; is the modified Bessel function of the first 
kind and first order. The second term on the right-hand 
side is the delayed unit impulse of pair 601 with magni- 
tude e~°*’" in our notation. Again using equation 29 in 
oe to account for the additional factor 1/, one finally 


e(x, t)= =o" "fey (eqe- (:) Jat 


e?s *ys..(:—) t>= (35) 
Uv v 

This form is much less clear even if one assumes now 
g=0 because of the integral involving the Bessel func- 
tion. However, a series expansion in terms of Bessel 
functions of increasing order has been derived® which is 
considerably more convenient for numerical computa- 
tions. 


CONCEPTION OF THE DISTORTIONLESS LINE 


Since the general case and even the nonleaky line lead 
to rather involved expressions for the current and voltage 
distributions, and indicate strong attenuation and dis- 
tortion of signals impressed at the sending end, it might 
be well to examine the characteristic quantities again for 
special cases. In the defining equations 14 and 15 only 
a can be made to vanish. Assuming, therefore 


=) a as (36) 


v 


g p+p 
c 


one can reduce the current solution 30 to 


primary interest because its “wave front,” that is, the ; Virssse x 
time-space variation at the head of the voltage wave, *™ DSR : ee 
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by performing the indicated integration and observing 


that J9(0)=1. On account of i(x, 2) =0 for tec, one can 
Vv 


also write 
} men 2 x 
B05 8) ens Ls -s.(1-%) (37) 
From equation 35 follows then 
, )=7- erie ae 
ig ) € (: ‘) (38) 


and one at once deduces that a transmission line with 
parameters defined by equation 36 attenuates the unit 
step exponentially along the line but does not distort it. 
This can be generalized for any type of applied signal if 
equation 36 is introduced into equations 23 and 24. 
Consequently, such a transmission line is called “dis- 
tortionless” and is the aim of all communication design 
for sound and picture transmission. In general, equa- 
tion 36 demands a very high value of leakance g if one 
accepts the conventional values of r and /. The better 
procedure, therefore, is to increase the inductance / 
either by insertion of loading coils®!°" at periodic inter- 
vals or by continuously loading the line in form of a 
thin steel tape!?4 wrapped upon the copper core. The 
first procedure actually nullifies the smooth-line char- 
acter and leads to difficult theoretical problems of re- 
flections. 


SOLUTIONS FOR THE FINITE DISTORTIONLESS LINE 


Although, for economic reasons, actual lines are rarely 
truly distortionless, many transient problems can be 
solved with significant approximation to the actual case 
by assuming ¢=0. The simplifications obtained and 
the clearer physical interpretation possible amply com- 
pensate for the admitted deviation from accuracy. 

Taking the general boundary conditions as formulated 
in equations 20 and 21 and combining them with the 
general solutions 17 and 18 one obtains for the case of 


*de-energized initial state of the line [t(x)=eo(x)=0] 


values for the integration constants which involve the 
ratios 


eet re ae (39) 
Krad Kona 
and lead to the final forms 
Z, exp (—yx)—kg exp [—v(2d—x)] , 
we a(t (40) 
Be so, 1 —kokg exp (— 2d) tall) 
1 exp (— yx) tkg exp [— (2¢d—*)] Le. (0) (41 
= a ) 
Te, f) RetKn 1—kokg exp (— 2d) ‘ 


From equation 19 with o=0 the characteristic im- 


pedance 


zayiak 


5) : Ly 
becomes a pure resistance, the “‘surge resistance ; one 
therefore expects the simplest forms to occur for terminal 


(42) 
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resistances 2>= Ry and Z,=R, because then all the coef- 
ficients in equations 40 and 41 reduce to numerical 
ratios, independent of p. Assuming this special case and 


expanding the solutions 40 and 41 by direct division, one 
has 


R, 
E(x, p) = , ‘i R [Leq(t)] [e7 7? —kgeVP4—*) + kok ge VA4+®) — 
Rokgte~ 74-9) hak tev (+e) (43) 
1 
Lees pea R. [Leg (t)] [e-Y?--kge 7 G2-*) + kink ge 1 C4+2) 
hokgte VG 9) 4 hap tem v(ddte) 1 |) (4d) 


The first terms of the expansion for current and voltage 
are identical with equations 23 and 24 respectively, if 
one observes equation 42 and chooses Ro=0. Therefore, 
these terms constitute waves propagating out on the 
finite line as if it were infinitely long; this is natural since 
the first wave is modified only upon arriving at the 
termination. Since with equation 36 


x 


ie, | vente ence tad alt) (45) 


the inverse Laplacian transform is found directly by 
means of pair 207 of the CF-tables 


Le? Le, (t)] -a(-*) - (46) 


The first positive (outgoing) waves of voltage and cur- 
rent are therefore 


R, “ee Fat") pe (47) 
R,+Ro v v 


€1 pos (x, t) a 


a) pos (x, t) = 1 pos ea t)/Rg (48) 
No matter what the form of the applied voltage e,(é), 
both the first current and voltage waves propagate with 


1 . . 
velocity v= a as exact replicas of ¢,(t), decreasing in 
le 


amplitude exponentially along the line.“* They arrive 


d §s 
at the time f=-, at the receiving end x=d with values 
v 


€1 pos 


ce eee ha , 
e yes (nati bs creer AS. 
€1 pos (d, t) on Rie Rs € eg t v /t=d/v ‘1p Rs ( ) 


Any further travel of the waves beyond x=d becomes 
meaningless for the problem, whereas at every point for 
0<x<d the contributions 47 and 48 to the final values 
persist forever. The second terms in equations 43 and 44 
have the purely numerical factor k,<1, so that with the 
proper application of equation 46 the inverse Laplacian 


transforms become 


ji) 6 ae ame aca ( 4") 
=~, —— “€ Wop t— —— 
R,+Ro R,+Ra 


61 neg (Ge t) es 


(50) 


yy neg (xs t)=—41 neg (3 t)/Rs (51) 
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These waves still are exact replicas of the applied voltage, 
but they propagate in the negative direction of x, since 
as ¢ increases (and it can only increase in our actual ob- 


x 
servations) x must decrease in order to satisfy ‘> ———- 
v 


i d . 

This means that at t=-, both waves start at x=d with 
v 

reduced amplitude in the ratio 


R,— Ra 
Ry+ Ra 


as compared with the arriving waves 49. If R,=R,, the 
waves 50 and 51 are suppressed, the finite line behaves 
as if it were an infinite line. Any deviation from this 
“matching” relation which can be generalized from 
equation 39 as Z,=<,, produces the ‘“‘reflection” of 
part of the energy in form of “returning waves”’ of volt- 
age and current. Since these waves 50 and 51, though 
smaller in amplitude than 47 and 48, superpose upon the 
latter, the signal will now appear ‘“‘distorted by reflec- 
tion.” It is therefore not sufficient to approximate the 
line characteristics to the distortionless case in order to 
obtain fidelity of transmission; it is also very important 
to terminate the line into an impedance <;, close to the 
characteristic impedance <, of the line. 

There are two special cases of importance, namely 
R,=0 or short circuit, and Ry= © or open circuit. In 
the first case, ¢1,.. has the same value as ¢,,,, but the 
opposite sign, so that the superposition results in zero 
voltage, whereas the corresponding current waves give 
double current value. In the second case, ¢; neg has the 
same value and same sign aS ¢ yo,, so that the voltage 
doubles instantly, whereas the corresponding current 
waves cancel each other. If the incident voltage wave 
has a very steep front, such as that of the unit step, this 
doubling of the voltage, as well as the rate of rise of volt- 
age, become important from the point of view of adequate 
insulation of power-transmission apparatus. 

In continuation of the general discussion of solutions 
43 and 44, it is apparent that the third terms again signify 
waves of the positive type, namely 


ace ( we) 
GA Wii 
Vv 


te pos (3 t) c= +63 pos (& t)/Rs (53) 


€2 pos (x, )=—— -—_——.. 


R,+-Ro Re+Ry) RR, 


Again, the amplitude is reduced by the reflection factor 
2d 

ko<1 and the waves start at t=— from x=0 in the posi- 
v 


tive direction; they produce further distortion by super- 
posing upon the first two wave groups. As may be seen 
from the preceding discussion, the positive current waves 
have the same sign as the positive voltage waves, whereas 
the negative current waves have the opposite sign to 
that of the negative voltage waves. 
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One point is quite important to emphasize here: for 
1<t the terms 47 and 48 constitute the complete and exact 
bates of the voltage-current distribution in space and 
time; for fet<= the addition of the terms 50 and 51 
gives the complete and exact solution; for any interval 
(n— 1)o<tcne there are exactly n terms to give the exact 


solution. This representation of the solution by a finite 
and usually small number of terms is due to the special 
process of expansion used in equations 43 and 44, and 
usually called analysis in “traveling waves.” Applica- 
tion of the theorem of residues to effect the inversion of 
the Laplacian transforms 40 and 41 leads to an infinite 
series in every case, for any interval of time; this method 
leads to space-time functions of the Fourier-series type 
and usually is called analysis in ‘“‘standing waves.” 
From the points of view of lucidity and physical signi- 
ficance there can be no doubt that the traveling-wave 
theory has the advantage, at least for phenomena in 
which the building-up process is of importance. For 
steady-state analysis, on the other hand, the standing- 
wave theory proves more advantageous. 


ILLUSTRATIVE EXAMPLE 


As an illustration, the propagation of a single square 
pulse of unit amplitude and of duration 7, on a distor- 
tionless line with R,=Ro=1/2R,, is described. The 
square pulse itself can be represented by 
[S_i(t) —S_1(t— T)] 


as the difference of two unit-step functions. Since equa- 
tion 39 gives here kj =k,=1/3, the general solution for 
the voltage as the inverse Laplacian transform of equa- 
tion 43 becomes with the aid of equations 47, 50, and 52 


e(x, t) -2/34<*4| s.(1-2)—s.( 1-2 r)|- 
Uv Vv 
2d—-z —x —s 
1/3 er" | s(-4 )-s.(r-4 "—1)|4 
Uv v 
2d+ 
1/31 face? | sa(-4) =5.,(1- 284s r)|- 
4d— 
1/3-1/3-1/3-€ ° [$1 4=2) _ 
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It is apparent that the duration T of the pulse will have 
a decisive influence upon the shape of the signal at any 


d : 
point along the line. If-=7, the time of travel over the 
v 


total length of the line, then suppose that T=; or, in 


other words, that the pulse be a very short one. In this 
case all the reflections lead to individual reduced repeti- 
tions of the single applied square pulse, so-called “‘echoes”’ 
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Figure 3. Voltage 

waves observed on 

a distortionless line 

if a square pulse of 

short duration is 

applied atthe send- 
ing end 


that would, of course, interfere with any other signal 
applied shortly after the considered pulse. Figure 3 
shows the first desired signal and the various echos at the 


hee. cd 
point Re from the sending end of the line. The ampli- 


tudes of the successive echoes observed at this point are: 


Positive Wave \ 


Order Number (Traveling Negative Wave (Traveling 


of Wave From Sending End) Toward Sending End) 
Seo SAS ee eee PE ORG SOS cists! astalslnaisucicicean —0.1819 
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RR, d 
where the attenuation is defined by p-=0.12. If, on the 
v 


other hand, we suppose 7 = 3r, or, in other words, a long 
square pulse applied at the sending end, then at the 


’ d 
same point aes the shape as shown in Figure 4 would be 


observed. Although the individual reflections have ex- 
actly the same amplitude as previously listed, they inter- 
fere among themselves, resulting in a distorted square 
pulse essentially of the same duration as the applied 
signal but with a tail of irregular shape. A train of 
pulses applied at the sending end will result in con- 
siderably distorted superposition of pulses at any point 
along the line in spite of the fact that the line itself has 
been assumed distortionless. 


CONCLUSION 


In the space available it is of course utterly impossible 
to give more than an introductory survey of the most 
powerful method used in the analysis of traveling waves. 
Little has yet been published, particularly in the English 
language, on the application of the Laplacian trans- 
formation. 


The appended list of references may serve 


Figure 4. Voltage 

waves observed on 

a distortionless line 

if a square pulse of 

long duration is 

applied at the send- 
ing end 
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those interested further in this subject or in the more 
general subject of traveling waves. 
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INSTITUTE ACTIVITIES 


1942 Summer Convention Program 


Enlarged to Aid War Effort 


With the largest summer-convention 
technical program in the history of the 
Institute, the 1942 AIEE summer conven- 
tion will be held in Chicago, Ill., June 
22-26. Convention headquarters will be 
in the Drake Hotel. Beginning with the 
annual meeting on Monday morning, ses- 
sions will be held both mornings and after- 
noons through to Friday afternoon. In 
addition to the annual meeting and the 
conference of officers, delegates, and mem- 
bers, the program has been enlarged to 
include a total of 20 sessions and conferences 
scheduled during the mornings and after- 
noons. Approximately 60 technical papers 
are scheduled, besides addresses and in- 
formal conference presentations. Several 
of the sessions and many of the papers are 
more or less directly related to the war ef- 
fort. The complete business and technical 
program appears on pages 312-13. The 
social program will take place entirely 
during the evenings, except for special 
entertainment for the women guests ar- 
ranged by the women’s entertainment 
committee. All trips are of an educational 
nature and the sports events have been 
limited to the annual competition for the 
Mershon cup and the Lee trophy. 


GENERAL SESSION 


A feature of the convention will be the 
addresses by outstanding executives on the 
organization and management of large- 
scale engineering work. In communica- 


tion, electrical manufacturing, or light and 


power, the service rendered is attained 
only by the carefully guided efforts and 
co-operation of many individuals working 
together in smoothly functioning units. 
Institute members will be able to hear this 
story told by three executives of long experi- 
ence: M. R. Sullivan, vice-president, 
operating and engineering department, 
American Telephone and Telegraph Com- 
pany, New York, N. Y.; R. C. Muir, vice- 
president, General Electric Company, 
Schenectady, N. Y.; and H. B. Gear, 
vice-president in charge of operating and 
engineering, Commonwealth Edison Com- 
pany, Chicago. With the activity resulting 
from the war effort, an Institute session 
devoted to the consideration of questions 
relating to executive management is 
especially timely. The period for questions 
and discussion following the addresses pro- 
vides an initial opportunity for greater 
participation by members who are more 
concerned with management and policies 
than with purely technical matters. The 
general session will be held on Thursday 
morning, June 25. 


SOCIAL PROGRAM 


Sunday, June 21 

6:15 p.m. Reception to early convention arrivals. 
Music and refreshments—no charge. 

Monday, June 22 

9:00 p.m. President’s reception. The Chicago Sec- 
tion will sponsor the dance following the reception. 
Tuesday, June 23 


6:30 p.m, ‘Beaches and Boulevards of Central and 
South America’ to be held at the Lake Shore Club, 


The new building of Northwestern University Technological Institute, Evanston, IIL, 
here viewed from the air, will be the object of a summer convention inspection trip 
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where a large swimming pool and a magnificent lobby 
and ballroom afford excellent opportunity for portrayal 
of life South of the Border. Buffet dinner will be 
served as a preliminary to the evening’s performance. 
Tickets for the evening, including the dinner, $1.50. 
No arrangements necessary for transportation, as the 
Club is within easy walking distance of the Drake Hotel. 


Wednesday, June 24 

Evening. Reservations have been made for approxi- 
mately 200 convention guests to go to the Marine 
Dining Room at the Edgewater Beach Hotel. Appli- 
cations for these tickets should be made not later than 
Tuesday noon. Tickets, $2.50 per person, including 
dinner and cover charge for the evening’s entertain- 
ment. Reservations also have been made for the 
Adler Planetarium and applications for these should 
be made by Monday evening. 


Thursday, June 25 


Fvening. Dinner-dance at the Drake Hotel. Tickets, 
$3.50 per person. Summer formal. 


INSPECTION TRIPS 


Many trips of a scientific and educational 
nature are being arranged, although trans- 
portation is rapidly becoming a critical mat- 
ter. The transportation and trips com- 
mittee expects to furnish transportation 
but curtailment by the Government might 
make necessary the cancellation of some 
trips or dependence solely on public trans- 
portation. On the other hand firm com- 
‘mitments for transportation must be made 
in advance and the committee requests 
that advance registration for trips should 
be made by writing to Dwight L. Smith, 
chairman, trips and transportation com- 
mittee. The majority of inspection trips 
will be limited to United States citizens. 
Members and guests going to Chicago are 
reminded to take with them their birth 
certificates or other proof of citizenship. 


Tuesday, June 23 


12:30 p.m. Old Mill Garden 


There are 90 acres of landscaped gardens surrounding 
a typical old French manor house. A large topiary 
garden of dwarfed Chinese elms is of particular inter- 
est. This trip is principally for women guests. 


1:30 p.m. The Museum of Science and Industry 


Here may be seen, by means of ingenious machines 
and accurate scale models, a surprisingly accurate 
presentation of manufacturing processes, mining 
methods, transportation, and power production, as 
well as the technique of scientific research. 


2:00 p.m. The Lakeside Press of R, P. Donnelly 
and Sons Company 


Visitors will see the printing in black and white and 
color of Life and Time, as well as interesting electric 
contro] mechanisms and large presses in operation. 


2:00 p.m. 
Not to mention the spectacle, the features of opera- 
tion, automatic lighting, and hydraulic pumping to 
force the central jet skyward 135 feet above the lower 
basin are of interest. 


The Clarence Buckingham Fountain 


Wednesday, June 24 


1:30 p.m, Technological Institute—Northwestern 


University 


Here there are extensive modern facilities for instruc- 
tion and research in chemical, civil, electrical, and 
mechanical engineering, and the allied sciences. 
Among the many laboratories the high-voltage labora- 
tory for testing under artificial weather conditions, a 
totally shielded radio room, and a floating soundproof 
room will be of especial interest. 
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2:00 p.m. Commonwealth Edison Company Cal- 


culating Board 


This a-c network analyzer has been of invaluable as- 
sistance in solving complex problems of power flow, 
short circuits, and stability in a large metropolitan 
system. The board will be on display and its operation 
Aes be demonstrated in the solution of an actual prob- 
em. 


2:00 p.m. Commonwealth Edison 


Drafting Room 


This single room of 12,000 square feet exemplifies the 
modern trend in high-intensity illumination. It is the 
result of a thorough research and experimentation by 
the engineers of the company on various types of 
lamps, tubes, reflectors, and diffusers conducted in 
close co-operation with the men actually engaged in 
drafting work. : 


Company 


8:00 p.m. Adler Planetarium and Astronomical 


Museum 


Here may be seen a miniature universe—the sun, 
moon, and planets threading their ways among the 
stars with the days and years shortened into minutes 
and seconds. Antique astronomical instruments are 
on display, in addition to a portrayal of modern astro- 
nomical methods and equipment. 


Thursday, June 25 


10:00 a.m. Stock Yards 


By special arrangement for those who register in ad- 
vance the Swift and Company packing plant may be 
inspected. The inspection will include the complete 
process of converting hogs into dressed meat. A 
demonstration in Martha Logan’s kitchen will in- 
clude instruction by the chef and home economist. 
The trip is being arranged especially for women 
guests but men may attend. 


2:00 p.m. 
Here may be seen the motors, pumps, and metal-clad 


switchgear of a station which has a total installed 
pumping capacity of 300,000,000 gallons per day. 


2:00 p.m. Underwriters’ Laboratories, Inc. 


Approximately 5,500 manufacturers making some 
35,000 different types of products submit their ma- 
terials for test and inspection according to the safety 
standards set up by the Underwriters’ Laboratories. 
A large part of the work is the testing of electrical ma- 
terials, devices, and domestic electric appliances. 


Cermak Pumping Station 


2:00 p.m. 
A stage lecture-demonstration dealing with the 
trinity of light; namely, production, control, and ap- 
plication of light will be given by Mr. Carl W. Zersen, 
manager. A tour also will be made of the industrial 
lighting laboratory, modern store, fluorescent clinic, 
modern classroom and office, as well as an all-electric 
five-room home. 


Chicago Lighting Institute 


SPORTS 


The only sports events will be the 
annual golf competitions for the Mershon 
cup and the W. S. Lee trophy. The 
tournament for the Mershon cup will be 
match-play handicap, the 16 lowest scores 
to qualify on Monday, June 22. Matches 
will then be played, first round on Tues- 
day, second round on Wednesday, with 
semifinals and finals played on Thursday. 

For the W. S. Lee trophy, handicap 
medal-play tournament, 36 holes, the com- 
petition will run concurrently with the 
Mershon cup tournament on Monday and 
Tuesday. 

Competition for both trophies will be 
played on courses 1, 3, or 4 at the Olympia 
Fields Country Club—greens fee, $2.00. 
The club can be reached directly by fre- 
quent electric train service from the 
Randolph Street Station, not far from the 
Drake Hotel. 


ADVANCE REGISTRATION 


Members who have received an advance 
registration card should complete and re- 
turn it promptly, if they have not already 
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done so. This will permit the committee 
to have badges ready and prevent conges- 
tion at the registration desk upon arrival. 
A registration fee of $2.00 will be charged 
all nonmembers except Enrolled Students 
and the immediate families of members. 
Hotel reservations should be made by 
writing directly to the hotel preferred. 


1941 AIEE National Prize 
Awards Announced 


National prize awards for papers pre- 
sented during 1941 have been announced 
by P. L. Alger, chairman of the AIEE 
committee on the award of Institute prizes. 
In selecting the prize-winning papers the 
committee had the recommendations of the 
chairmen of technical committees as to the 
best papers in their respective fields, except 
for the Branch papers. As was the case last 
year, no award was made for the best paper 
in public relations and education, as no 


convention, and published in the 1941 Transactions, 
pages 943-8; M. E. Strieby (M’22, E41) and J. F. 
Wentz (A’24) of Bell Telephone Laboratories, New 
York, N. Y., for their paper, ‘Television Transmis- 
sion Over Wire Lines,” presented at the 1941 winter 
convention, and published in the 1941 Transactions, 
pages 1090-6; and Earle Wild (A’27, M’36) of the 
Commonwealth Edison Company, Chicago, III., for 
his paper, “Methods of System Control in a Large 
Interconnection,” presented at the 1941 winter con- 


vention, and published in the 1941 Transactions, pages 
232-6. 


Best Paper in Theory and Research: Prize awarded to 


J. H. Hagenguth (A’28) of the General Electric Com- 


pany, Pittsfield, Mass,, for his paper, ‘Volt-Time 
Areas of Impulse Spark-Over,” presented at the 1941 
winter convention, and published in the 1941 Trans- 
actions, pages 803-10. Honorable mention was 
awarded to J. G. Trump (A’31) of Massachusetts 
Institute of Technology, Cambridge, and James 
Andrias (A’41) of the Naval Ordnance Laboratory, 
for their paper, “High-Voltage D-C Flashover of Solid 
Insulators in Compressed Nitrogen,” presented at the 
Pacific Coast convention, August 27-29, 1941, and 
published in the 1941 Transactions, pages 986-90. 


Initial Paper: Prize awarded to G. A. Matthews (A’40) 
of the Detroit (Mich.) Edison Company for his paper, 
“Power Arc-Over on Overhead Distribution Lines 
and Newly Developed Equipment for Protection 
Against Conductor Burndown From That Cause,” 
presented at the 1941 winter convention, and pub- 


One of the inspection trips planned for the summer convention at Chicago, IIl., 
will provide an opportunity to see the a-c calculating board of the Commonwealth 
Edison Company in operation 


eligible papers in that category were pre- 
sented during the year. Presentation of 
prizes will take place at the annual meet- 
ing of the Institute on June 22, 1942, during 
the summer convention at Chicago, III. 
Papers which received awards are: 


Best Paper in Engineering Practice: Prize awarded 
jointly to Edith Clarke (A’23, M’33) and S. B. Crary 
(A?31, M’37) of the General Electric Company, 
Schenectady, N. Y., for their paper, “Stability Limita- 
tions of Long-Distance A-C Power-Transmission 
Systems,” presented at the 1941 winter convention, 
January 22-26, and published in the 1941 Trans- 
actions, pages 1051-9. Honorable mention was 
awarded to L. F. Kennedy (A’37, M’39) and A. T. 
Sinks (A’36) of the General Electric Company, for a 
paper entitled “New Current Transformer for Bus 
Differential Protection,” presented at the summer 
convention, June 16-20, Toronto, Ont., and pub- 
lished in the 1941 Transactions, pages 1180-7; 
H. C. Myers and J. H. Cox (A’25) of Westinghouse 
Electric and Manufacturing Company, East Pitts- 
burgh, Pa., for their paper, “Excitation Circuits for 
Ignitron Rectifiers,” presented at the 1941 summer 
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lished in the 1941 Transactions, pages 596-604. 
Honorable mention was awarded to G. B. Tebo (A’36) 
of the Hydro-Electric Power Commission of Ontario, 
Toronto, for his paper, ““Measurement and Control of 
Conductor Vibration,” presented at the 1941 summer 
convention, and published in the 1941 Transactions, 
pages 1188-93. 


Branch Paper: Prize awarded to M. J. DeLerno 
(Enrolled Student) and R. T. Basnett (A’42) of Tulane 
University of Louisiana, for their paper ‘‘An Electronic 
Circuit for Determining Power-Angle Oscillations,” 
presented at the Southern District convention, April 4, 
1941. Honorable mention was awarded to W. C. 
Brown (application pending) of the University of 
Colorado for his paper ‘The Application of the 
Amplidyne as a Voltage Regulator,” presented at the 
meeting of the University of Colorado Branch, April 9, 
1941; and to W. H. Huggins (Enrolled Student) 
Oregon State College for his paper ‘“‘Design of the 
Low-Frequency Characteristics of Video Amplifiers,” 
presented at a joint meeting of the Portland Section 
and the Oregon State College Branch, May, 17, 1941, 


Awards made by the various Districts for 
1941 papers will be announced in future 
issues as the information becomes available. 
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Monday, June 22 


9:00 a.m. Registration 


10:00 a.m. Annual Meeting 
President David C. Prince, presiding 


Address of welcome, H. B. Gear, convention chairman 


Address, “Democracy in Its Struggle Looks to the 
Engineer.” D, D. Ewing, head, school of electrical 


engineering, Purdue University 


Board of directors’ report (in abstract), H. H. Henline, 
national secretary v 


National treasurer’s report, W. I. Slichter 
Committee of tellers’ report on election of officers 


Presentation of president’s badge; response from 


President-Elect Harold S. Osborne 
Presentation of prizes for papers 
Presentation of Lamme medal to Forrest E. Ricketts 


President’s address 


12:00 m. Luncheon Conference of 
Branch Counselors 
2:00 p.m. Conference on Local Engi- 


neering Councils 


This conference is intended to inspire engineers to 
take a greater part in community civic affairs. Much 
may be done in the way of appraising local situations, 
initiating worth-while projects, and promoting long- 
range planning during the war and postwar period. 
It is believed engineers are in a position to render very 
important public service. 


CP.* THe ForMaATION, OBJECTIVES, AND RECENT 
Work OF THE ILLINOIS ENGINEERING Councit. Frank 
F. Fowle, Chicago, II. 


CP.* Tue Co-orpDINaATION OF VARIOUS GROUPS OF 
ENGINEERS IN MassACHUSETTS DuRING THE PREPARA- 
TION OF A Licensinc Law. K. B. McEachron, Pitts- 
field, Mass. 


CP.* Tue MetuHops oF Co-orDINATING THE WorK 
OF THE ENGINEERING SOCIETIES IN THE STATE OF Iowa. 
K. R. Brown, Des Moines, Iowa 


Power Generation Session 
and Conference 


2:00 p.m. 


Address, ‘‘Power Supply for the War Program.” 
J. E. Moore, War Production Board 


Address, ‘Power Supply for the War Program.” E. 
Falck, War Production Board 


CPN 


AMERICA. 


42-113. FREQUENCY ConTROL oF LoaApD Swincs. 
J. E. McCormack and R. J. Lombard, Consolidated 
Edison Company of New York, Inc. 


Power FACILITIES AND PROBLEMS IN SOUTH 
R. P. Crippen, Ebasco Services, Inc. 


2:00 p.m. Conference on Lighting Aids 


to Wartime Production 


The effect of good industrial illumination on increased 
production, reduction in waste, and prevention of ac- 
cidents makes a review of new data, new standards, 
and new ideas on the subject important at this time 
when war production must be increased by every 
means known to the engineer. This program has 
been arranged to high light the part which engineered 
industrial lighting can play in winning the war. 


CP.* Wuart ENGINEERED Licutinc Can Do ro Arp 
War Propuction. J. O. Kraehenbuehl, University 
of Illinois 


CP.* Susstirure MATERIALS FoR INDUsTRIAL LiGHT- 
ING EguremenT. E, D. Tillson, Commonwealth Edison 
Company 


CP.* Marintaininc Licutinc In War INDUSTRIES. 
A. K. Gaetjens, General Electric Company 


CP.* Goop InpusrriaL Licnrinc anp Sarety. J. 
M. Roche, National Safety Council 


CP.* Activities oF THE ILLUMINATING ENGINEERING 
Socrery tro Am War Propuction. H. B. Dates, 
Chairman of Light in Wartime Committee, Illuminat- 
ing Engineering Society 


Discussion periods will follow each talk, during which 
the audience will be invited to present other data and 
to ask questions. 


Tuesday, June 23 


9:30 a.m. Switching Equipment 
42-130. TRraAnstent Recovery-VOLTAGE CHARACTER- 
Istics oF ELectric-Power Systems. H. P. St. Clair, 
American Gas and Electric Service Corporation, and 
J. A. Adams, Philadelphia Electric Company 


42-131. PracticaL CaLcuLaTion or Circuit TRAN- 
stent Recovery Vo.tacrs. J. A, Adams, Phila- 
delphia Electric Company, W. F. Skeats, General 
Electric Company, R. C. Van Sickle, Westinghouse 
Electric and Manufacturing Company, and T, G. A. 
Sillers, Allis-Chalmers Manufacturing Company 


42-120. Transient RECOVERY VOLTAGES AND Cir- 
cuIT-BREAKER PERFORMANCE. R. C. Van Sickle, 
Westinghouse Electric and Manufacturing Company 


42-119. Trsrs AND ANALYSIS OF CrrcurT-BREAKER 
PERFORMANCE WHEN SwiTcHING LARGE CAPACITOR 
Banks. T. W. Schroeder, E. W. Boehne, and J. W. 
Butler, General Electric Company 


42-114. A CompressEp-AIR OPERATING MECHANISM 
For Or Circuir Breakers. R. C. Cunningham and 
A. W. Hill, Westinghouse Electric and Manufacturing 
Company 


9:30 a.m. Communication 


REGULATED RECTIFIERS IN TELEPHONE OF- 
D. E. Trucksess, Bell Telephone Laboratories, 


42-131. 
FICES. 
Inc. 


CP.* Pores anpD Pore TREATMENT. Reginald H. 
Colley, Bell Telephone Laboratories, Inc. 


CP.* THE ComBINATION OF PROBABILITY CURVES 
IN EncineeRING. R,. I. Wilkinson, Bell Telephone 
Laboratories, Inc. 


9:30 a.m. Instruments and Measure- 
ments Session and Con- 
ference 

42-110. THEORETICAL PossIBILITIES OF AN INTER- 


NALLY Heatep BimetaL Type or THERMAL Watt- 
Demanp Meter. Edward Lynch, General Electric 
Company 

42-123. A New Movinc Macner InstRUMENT FOR 
Drrecr Current. H. T. Faus and J. R. Macintyre, 
General Electric Company 


42-134. A New Jewet ror InpicaTinc INSTRUMENTS. 
F, K. McCune and J. H. Goss, General Electric Com- 
pany, 

GP*) ine 
PRACTICE. 


CPs 
MENT OF SURFACE ROUGHNESS 
Physicists Research Company 


CP.* Surrace Roucuness MEasuREMENTS. Charles 
K. Gravley, The Brush Development Company 


INSPECTION OF SuRFACE FINISHES IN 
W. Mikelson, General Electric Company 


THE PROFILOMETER FOR PRODUCTION MEASURE- 
John R. Wieneke, 


*CP: Conference presentation; no advance copies of 
papers available; mot intended for publication in 
Transactions. 


AIEE, 1942 Summer Convention 


Conference of Officers, Dele- 
gates, and Members 


2:00 p.m. 


Wednesday, June 24 


9:30 a.m. Lightning and Miscellaneous 


42-129. ReLaATIvE ExpENSE FOR SERVICE RESTORA- 
TION WitH DirFERENT Types OF OVERCURRENT PRO- 
TECTION FOR DistrisuTion Circuits. G. F, Lincks 
and C. R. Craig, General Electric Company 


42-96. 
LIGHTING ARRESTERS. 
Electric Company 


Mopern Imputs—E GENERATORS FOR TESTING 
Theodore Brownlee, General 


@PAMPHLET reproductions of 

authors’ manuscripts of the num- 

bered papers listed in this program 

may be obtained as noted in the fol- 
lowing paragraphs. 


@ ABSTRACTS of papers appear on 

pages 324-8 of this issue and pages 

260-2 of the May 1942 issue of 
Electrical Engineering. 


@ PRICES and instructions for se- 
curing advance copies of these papers 


42-108. Mopern CatHope-Ray OscILLOGRAPH FOR 
Testinc LicHTtninG ArresTers. E, J. Wade, T. J. 
Carpenter, and D. D. MacCarthy, General Electric 
Company 


9:30a.m. Overload Operation of 
Transformers and Rotating 
Machinery 

42-98. Factors AFFECTING THE MECHANICAL DkE- 


TERIORATION OF CELLULOSE INSULATION. F. M. Clark, 
General Electric Company 


42-93. APPLICATION OF APPARATUS AND CONDUCTORS 
Unber Various AMBIENT TEMPERATURE CONDITIONS. 
R. E. Hellmund and P. H. McAuley, Westinghouse 
Electric and Manufacturing Company 


42-115. EMERGENCY OVERLOADING OF ArIR-CooLED 
OtL-IMMERsED PowrerR TRANSFORMERS BY Hot-Spor 
TreMPERATURES. V. M. Montsinger and P. M. 
Ketchum, General Electric Company 


42-101. EMmRGENGyY OverRLOoADs FoR O1L-INSULATED 
TransrorMers. F, J. Vogel and T. K. Sloat, West- 
inghouse Electric and Manufacturing Company 


42-124. Moror Insucation, Heat, AND MolsrureE. 
P. H. McAuley, Westinghouse Electric and Manu- 
facturing Company 


9:30 a.m. Conference on Electronic 


Control of Resistance Weld- 
ing 


The objective of this conference will be to obtain an 
informal interchange of opinions and experiences on 
various types of electronic control systems for resist- 
ance welding. Itis not planned to extend the discussion 
to control systems for arc welding or to deal in any 
way with the phenomena of the welding process itself, 
It is hoped that those taking part will include not only 
engineers experienced in the manufacture of the con- 
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ELECTRICAL ENGINEERING 


Business and Technical Program 


trol apparatus or the welding equipment itself but 
also the users of this equipment. The conference will 
be opened by brief talks by two discussion leaders, 
G. W. Garman, General Electric Company, and E. H. 
Vedder, Westinghouse Electric and Manufacturing 
Company, after which discussion from the floor will 
be in order. 


12:30 p.m. Board of Directors’ Lunch- 
eon Meeting 

2:00 p.m. Protective Relays 

42-116. CurRENT AND POTENTIAL TRANSFORMER 


STANDARDIZATION. Subcommittee on Current Trans- 


formers 


accompany the abstracts. Mail 

orders are advisable, particularly 

from out-of-town members, as an 

adequate supply of each paper at 

the convention cannot be assured. 

Only numbered papers are available 
in pamphlet form. 


@ ALL PAPERS regularly approved 

by the technical program committee 

ultimately will be published in 

Transactions; many will appear also 
in Electrical Engineering. 


42-125. A New Since Pxase-to-Grounp FAuLt 
Derectinc Retay. W.K. Sonnemann, Westinghouse 
Electric and Manufacturing Company 


42-136. Protection or Prcot-Wrre Circuits. E,. L. 
Harder and M. A. Bostwick, Westinghouse Electric 
and Manufacturing Company 


Factors WHICH INFLUENCE THE BEHAVIOR OF 
Troy D. Graybeal, Univer- 


42-90. 
DrrecrionaL RELAays. 
sity of California 


2:00 p.m. 


42-91. PractricAL DEsiIGN OF COUNTERPOISE FOR 
TRANSMISSION-LINE LIGHTNING Protection. E, Han- 
sson and S. K. Waldorf, Pennsylvania Water and 
Power Company 


Lightning 


42-107. Strupy or Driven Rops anD COUNTERPOISE 
Wires In HiGH-REsIsTANCE SOIL ON CONSUMERS POWER 
Company 140-Kyv System. J. G. Hemstreet, Con- 
sumers Power Company, and W. W. Lewis and C. M. 
Foust, General Electric Company 


42-103. InpuceED VoLTAGES ON TRANSMISSION LINES. 
C. F. Wagner and G. D. McCann, Westinghouse Elec- 
tric and Manufacturing Company 


42-109. ABNORMAL CURRENTS IN DisTRIBUTION 
TRANSFORMERS DuE To Licutninc. J. M. Bryant and 
M. Newman, University of Minnesota 


42-104. Errect oF LiGHTNING ON THIN MeTAL Sur- 
races. K. B. McEachron and J. H. Hagenguth, 
General Electric Company 


2:00 p.m. Electronics and Standards 
42-87. Current Ratincs or ELectrronic Devices 
FOR INTERMITTENT SeERvicE. R. E, Hellmund, 
Westinghouse Electric and Manufacturing Company 


42-94. ANALYTICAL TREATMENT FoR ESTABLISHING 
Loap-Cycte Ratinos or Inarrrons, D. E. Marshall 
and E. G, F, Arnott, Westinghouse Electric and Manu- 
facturing Company 


42-122, Execrronics or THe FLuorkscenr Lamp, 
M. A. Townsend, General Electric Company 


42-106. Sravep-Tune Ionrrron Recririzrs. M. M. 
Morack and H. C, Steiner, General Electric Company 


Thursday, June 25 
10:00 a.m. General Session—The Or- 
ganization and Management 


of Large-Scale Engineering 
Work 


Address, “The Organization of Large-Scale Engi- 
neering Work,” M. R. Sullivan, vice-president, 
operating and engineering department, American 
Telephone and Telegraph Company 


Address, ‘““The Engineering Organization of a Large 
Industrial Business.” R. C. Muir, vice-president, 
General Electric Company 


Address, ‘Engineering as an Implement of Manage- 
ment.” H. B. Gear, vice-president in charge of operat- 
ing and engineering, Commonwealth Edison Company 


Period for questions and discussion 


Power Transmission and Dis- 
tribution 


2:00 p.m. 


42-88. ANaAtysis oF SHoRT Circuits ror Distripu- 
TIon Systems. Charles F, Dalziel, University of Cali- 
fornia 


42-112. Serres Capacrrors FOR TRANSMISSION CIR- 
curs. E, C. Starr, Oregon State College, and R. D. 
Evans, Westinghouse Electric and Manufacturing 
Company 


42-117. Srapsitrry Srupy or A-C Power-TRANsMIS- 
sion SysteMs—I and II. John M. G. Holm, Boston, 
Mass. 


2:00 p.m. Land Transportation 
42-137. EvecrricAL FaciLirigs AND OPERATING 
PLAN FOR THE First Cuicaco Susway. Charles E. 


DeLeuw, Chicago Department of Subways and 


Superhighways 
42-121. S reer PropLems on ELECTRIFIED RAILROADS. 


H. F. Brown, New York, New Haven, and Hartford 
Railroad 


42-126. ImPROVEMENTS IN PREVENTIVE Coit. Con- 
TROL FOR A-C Locomotives WITH PARTICULAR REF- 
ERENCE TO “Resistor TRANSITION.” P, H. Hatch, 
New York, New Haven, and Hartford Railroad Com- 
pany, and H. S. Ogden, General Electric Company 


42-127. Execrric Contro” For STEAM BOILERS ON 
DresEL AND StrraicHT Exvecrric Locomotives. E. 
H. Burgess, Vapor Car Heating Company, Inc. » 


2:00 p.m. Conference on Educational 
Matters Under War Condi- 


tions 


Friday, June 26 


9:30 a.m. Mercury-Arc Rectifier Appli- 
cations 
42-138. EvecrricaL EquipMeNnT FOR Larce Evec- 


TROCHEMICAL INSTALLATIONS. T. R. Rhea and H. H. 
Zielinski, General Electric Company 


42-118. Tanrrron Reorimirrs in INpustry. J. H. 
Cox and G, F, Jones, Westinghouse Electric and 
Manufacturing Company Fj 


42-105, Tonrror Excrration Crrcurrs AND MIsFIRE 
INpicaTion Circurrs, A. H. Mittag and A, Schmidt, 
Jr., General Electric Company 


42-139. A New Mu.tipece Hiocn-Sprep Arr Crrcurr 
BREAKER FOR Mercury-Aro-Recrirmr ANopr Crr- 
currs AND Irs RELATION TO THE Arc-BAcK ProsLeM. 
J. W. Seaman and L. W. Morton, General Electric 
Company 


42-99. A 600-VoLr ENcLosep Limiter ror Network 
Use. P, O. Langguth, H. L, Rawlins, and J. M. 
Wallace, Westinghouse Electric and Manufacturing 
Company 

9:30a.m. Basic Sciences 


42-140. On Eppy Currents in a Roratina Disk. 
W. R. Smythe, California Institute of Technology 


42-128. Tue Errecr or Initia, Conpirions on 
SuBHARMONIC CurRRENTS IN A NONLINEAR Series Cir- 
cuir. Stephen J. Angello, Westinghouse Electric and 
Manufacturing Company 


42-141. Enercy Fiow in Evecrric Sysrems—Tue 
VI Enercy-Frow Postutate. Joseph Slepian, 
Westinghouse Electric and Manufacturing Company 


42-142. Formutas ror CALCULATING Smort-Circuir 
Stresses In Bus Supports FoR RECTANGULAR TuBU- 
LAR Conpucrors. Thomas J. Higgins, The Tulane 
University of Louisiana 


TRANSIENTS IN Circuits Havine DistrisuTED CHAR- 
acteristics. Wilbur R, LePage, Radio Corporation 
of America 


Luncheon—Presentation of 
Sports’ Prizes 


12:30 p.m. 


2:00 p.m. 


42-97. 
Toot. 
Inc. 


42-143. ELecrricaL FEATURES OF DEsIGN AND OPER- 
ATION OF THE PLANTATION Pipe Line. M. A. Hyde, 
Westinghouse Electric and Manufacturing Company, 
and H. B. Britton, Plantation Pipe Line Company 


42-100. Fretp Harmonics in InpucTION Morors. 
M. M. Liwschitz, The Polytechnic Institute of 
Brooklyn and Westinghouse Electric and Manufactur- 
ing Company : 


42-132, Precision SpeeD ConTROL FOR Wor Lp’s 
Larcest Inpuction Moror. R. R. Longwell and 
M. E. Reagan, Westinghouse Electric and Manu- 
facturing Company 


42-89. 
GENERATOR. 
fornia 


Selected Subjects 


Tue Carson Arc—A VALUABLE INDUSTRIAL 
W. C. Kalb, National Carbon Company, 


Sreapy-STATE THEORY OF THE AMPLIDYNE 
Troy D. Graybeal, University of Cali- 


2:00 p.m. Cables 


42-111. Loap Ratincs or CasLte—II. 
Halperin, Commonwealth Edison Company 


Herman 


42-102. Low-, Mepium-, AND HicH-PressurE Gas- 
Fittep Caste. G. B. Shanklin, General Electric 
Company 

42-133. 120-Kv Compression-TypeE Caste. I. T. 


Faucett and R. W. Atkinson, General Cable Corpora- 
tion, and L. I. Komives and H. W. Collins, The 
Detroit Edison Company 


42-135. 120-Kv Hicu-Pressure Gas-FiLtep CABLE. 
I. T. Faucett and R. W. Atkinson, General Cable 
Corporation, and L. I. Komives and H. W. Collins, 
The Detroit Edison Company 


42-92. Tue Dierecrric STRENGTH AND LIFE OF 
IMPREGNATED PapEeR INSULATION—III. J. B. White- 
head, The Johns Hopkins University 


EE 
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North Eastern District Proves 
Wartime Value of Technical Conclave - 


The outstanding success of the North 
Eastern District meeting held April 29- 
May 1, 1942, at the Van Curler Hotel in 
Schenectady, N. Y., should serve emphati- 
cally to set at rest the questions that have 
been raised as to the advisability of con- 
tinuing AIEE meetings and conventions 
during prevailing wartime conditions. All 
technical and general sessions were notably 
well attended, and the total verified regis- 
tration of 481 is the highest in more than 
ten years. An analysis of attendance and 
comparison with previous years are given 
in the accompanying tabulations. At- 
tendance at technical sessions, including 
parallel sessions, ranged from 65 to 170, 
averaged nearly 100. 


VICE-PRESIDENT LEE SOUNDS KEYNOTE 


Everett S. Lee, AIEE vice-president from 
the North Eastern District, opened the 
first session with the following statement, 
keynoting the objectives of the meeting: 

“In the midst of a busy year of war pro- 
duction we have been planning for this 
meeting that it may contribute usefully to 
us, both in the present and for the future; 
in the present that from the assembling of 
ourselves together we may help to bring to 
the great engineering task before us now, of 
providing unprecedented materials for 
war, the same supremacy to which meetings 
such as this have previously contributed in 
time of peace; and to the future, that as 
we restore the peace it will be permanent. 

“To this end the program of this meeting 
has been prepared. You will find in it a 
picture of the engineer in war and in the 
peace to come. You will find in it the con- 
tributions of the engineer which have made 
available to all people the services of elec- 
tricity that they daily use in their ever- 
expanding life. 

‘Every citizen is familiar with the tele- 
phone and the radio; frequency modula- 
tion is here. and television is to come. You 
will find these in our program. 

“Every citizen knows of electric service, 
of the electric light, of the electric motor. 
In our program you will find the results of 
that great search for even more efficient 
electric-power production in the mercury 
turbine that there may come to each citizen 
of the United States greater use of elec- 
tricity. And together with this you will 
find the opportunities for better distribu- 
tion of that same power with other oppor- 
tunities for its more effective utilization. 

“Every citizen today knows of the need 
for conserving materials and that materials 
once abundant must now be replaced with 
others. No one knows this better than the 
engineer, for it is he who is on the firing 
line of production and who must scheme out 
new ideas for conserving critical materials 
and for using substitutes. You will find 
these in our program. 

“‘Every citizen today knows of the black- 
out, and it is the engineer who must face 
and solve a multitude of problems that 
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large blocks of power and individual uses 
may be adequately maneuvered. You will 
find these in our program. 

“Every citizen today knows of the need 
for aluminum for war production and you 
will find in our program the mercury-arc 
rectifier, that product of research and engi- 
neering which is making the precious alumi- 
num available today in quantities beyond 
all previous thought. 

“Every citizen today knows of the new 
trains that speed across our country. You 
will find these in our program. 

“And as every citizen recognizes the 
need for the greatest of efficiency in manu- 
facturing operations together with control 
of quality of product, so you will find these 
in our program. 

““Every citizen is interested in education 
and you will find in our program a most 
comprehensive opportunity for the evaluat- 
ing of that great field of vocational training 
to which the present owes so much and to 
which the future will without a doubt be 
even the greater debtor. And likewise our 
fundamental interest in engineering stu- 
dents which has always been great, you will 
find in our program. 

‘And so in the midst of this busy year 
of war production we meet to consider 
matters of vital interest to each citizen of 
our country.” 

The objectives indicated by Mr. Lee 
were implemented by the heaviest program 
of papers and addresses ever to be scheduled 
for a District meeting. This program in- 
cluded 12 regular technical program papers, 
12 special addresses, 19 informal or ‘“‘con- 
ference papers,” 5 student technical papers, 
and several unscheduled contributions at 
the various conferences. 


ATTENTION FOCUSED ON WAR PROBLEMS 


The featured speakers at the opening 
general session further keynoted the ob- 
jectives of the meeting. Executive Engi- 
neer L. A. Hawkins of the General Electric 
research laboratory dealt with the impor- 
tant role being played by “‘wartime elec- 
trical research,” pointing out how the 
laboratory is making contributions vital to 
the successful prosecution of modern 
mechanized warfare, and, incidentally de- 
veloping many things which probably will 
be highly useful in the new peace for which 
the present fight is being waged. Vice- 
President R. C. Muir of the General Elec- 
tric Company described ‘Wartime Elec- 
trical Engineering,” supplementing Mr. 
Hawkins’ address by indicating the diversity 
of the contributions being made by the 
electrical engineer in the discharge of his 
obligations incidental to the current situa- 
tion. The full text of both these addresses 
will be found elsewhere in this issue of 
Electrical Engineering. 

Supplementing the addresses just noted, 
AIEE President D. C. Prince spoke on 
“Planning for Peace,” showing the neces- 
sary and vital interrelationship between the 
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necessity for the present all-out effort in 
prosecuting the war to a successful con- 
clusion, and the necessity for also currently 
considering and planning for the proper 
handling of vital details of the postwar 
problem that will constitute the foundation 
upon which the peace being fought for 
must ultimately rest. The essential sub- 
stance of his Schenectady address, as well 
as other matters of current significance and 
importance, is expected to be incorporated 
in a special message currently in prepara- 
tion by President Prince for presentation 
to the Institute membership through the 
medium of Electrical Engineering, tentatively 


Analysis of Registration at Schenectady 


Other 


Sche- Dis- 
nectady trict Dis- 

Classification Section bY tricts Totals 
Members 4.4 «oeuies 1 i eee, 6 5430 SOs eno 
Enrolled Students.... 28..... AOS. oO te 86 
Men guests scp. sires oH hes 53 Blase te e oe 
Women) gucsts jai sirine 27 Heisvexe Ad Som eteret a 

Totals: sc «nine soe 235 asin e 144....102....481 


* Outside Schenectady. 


North Eastern District Meeting Attend- 
ance 1932-1942 


Date Location 


1942—Apr. 29—May 1...Schenectady, N. Y.....481 


1941—Apr. 30—May 2...Rochester, N. Y....... 355 
1939——May so — Sie as eo Springfield, Mass...... 439 
1938—May 18-20...... Lenox, Mass.......... 417 
1937 May 5-1 ase steer Buffalo, NoY.50-sieniie 352 
1'936—May6-Sieis sm oils New Haven, Conn.....310 
1934—May 16-18...... Worcester, Mass...... 337 
1933——May 10-1225 on. Schenectady, N. Y.....431 
1932—May 4-7......7- Providence, R.I...... 252 


the forthcoming July issue. National 
Secretary H. H. Henline’s address on 
““AIEE Progress” will be found elsewhere 
in these columns. 

Currently significant developments in 
electronics and communication, problems 
and procedures involved in the conservation 
of critical materials and in the development 
and use of substitutes for those materials, 
power-supply problems incidental to pro- 
tective black-outs, and quality control in 
the mass production of war goods typify 
the topics of direct war significance covered 
in various technical sessions and con- 
ferences. Some of these are reflected in this 
issue; some will be published or digested 
in subsequent issues; some must be with- 
held from publication. 


VOCATIONAL EDUCATION DISCUSSED 


With vocational education a subject of 
strategic importance to an industrial na- 
tion engaged in a highly mechanized war, 
the topic appropriately was given special 
attention at the Schenectady meeting. In 
addition to student activities and related 
discussions of educational topics, a joint 
luncheon and subsequent joint conference 
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on the subject of vocational education was 

held with the participation of the local 

Schenectady section of The American So- 
ciety of Mechanical Engineers. 

Speaker at the joint luncheon was Oakley 
Furney, teacher of industrial and technical 
education, Office of the New York State 
Commissioner of Education at Albany; 
his topic, “Needs and Trends in Vocational 
Education.”” Mr. Furney defined the 
term “vocational education” as meaning 
technical training of less than the college- 
graduate professional level. He voiced the 
conviction that quite aside from the unusual 
demands currently growing out of industrial 
war effort, properly oriented vocational 
education is essential to the proper balance 
of the modern program of public instruction 
through high schools if such is to serve 
effectively the needs of a 20th-century 
society. This society needs a large supply 
of persons educated and trained to the level 
of high-school graduation in technical, 
manual, and industrial subjects just as 
much as in academic or cultural subjects. 
Mr. Furney strongly decried the oft-recur- 
ring tendency to regard vocational educa- 
tion literally as a dumping ground for the 
mentally and physically unfit. As basic 
requirements for the success of an effective 
vocational education program, Mr. Furney 
outlined the following points: 


1. Acclearly defined objective. 


2. Properly qualified students, carefully selected on 
the basis of the interest, aptitude, and physical and 
mental qualifications of each individual. Vocational 
training as an educational objective must be separated 
and distinguished from the sociological problem of 
rehabilitating persons of impaired mental or physical 
qualities. 

3. Administrative officers and teachers must have 
a background of practical professional experience, to 
enable them to pass along to students a necessary prac- 
tical grasp of practical problems. This is no place 
for academicians. 


4. Machines and equipment must be typical of those 
with which the students will have to deal in actual 
life. Miniatures, toys, and laboratory models are 
utterly inadequate. 


5. The course of study must be properly planned 
and carefully organized so that it constitutes a well- 
integrated pattern through which the stated objective 
may be achieved. 


Aside from the topic of vocational edu- 
cation, Mr. Furney expressed his own con- 
viction that the high-school educational 


Doctor D. R. Fox, 
president of Union 
College, Schenec- 
tady, N. Y., ad- 
dressed the ban- 
quet held during 
the AIEE North 


Eastern District 
meeting. Left to 
right are: T. M. 


Linville, chairman- 
elect of the Sche- 
nectady Section; 
Mrs. Linville; R. 


program in general would better serve the 
needs of modern society if it were to be 
reorganized to devote the first three years 
for all students to a common basic course, 
with the fourth year to provide the special- 
ized courses necessary to prepare properly 
the different groups of students that would 
be aiming toward college, shop, trade, or 
commercial careers, as the case might be. 


Local Initiative Vital to Education. At 
the afternoon conference, Doctor Alonzo 
Grace, Commissioner of Education for the 
State of Connecticut, challenged his audi- 
ence by reminding them that, for success in 
an educational program in a democracy, 
as for many other things, local initiative 
and the agressive assumption of local re- 
sponsibility is vital. Also, he criticized the 
concept of education that puts social pre- 
mium on purely intellectual courses of study, 
followed in progressively degraded order 
by commercial, industrial, and trade ap- 
plications. He urged the development of a 
concept that would recognize the essentially 
common level of value to the community 
of different courses, each of which helped 
differently qualified persons to take their 
appropriate and necessary places in the 
over-all life of the community. It is ex- 
pected that Doctor Grace’s address will 
be available for early publication in Elec- 
trical Engineering. 

Superintendent W. H. Pillsbury of the 
Schenectady school system spoke in defense 
of a composite high school for a city of 
100,000 or less inhabitants, as against the 
completely segregated and _ specialized 
technical or vocational-training school 
envisioned by Mr. Furney. Mr. Pillsbury 
expressed the belief that the “‘best students 
could be given the best training” if aca- 
demics and arts courses were given at the 
same institution, each given by a properly 
qualified and experienced specialist. He 
expressed the belief that such an arrange- 
ment permitted pupils to switch from 
academic to technical or trade courses 
without the possibility of implied stigma 
that might be applied to pupils transferring 
from an academic high school to an en- 
tirely separate trade or technical high 
school, and vice versa. 

A comprehensive description of the vo- 
cational-training program being given with 
eminent success at the Mont Pleasant 
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C. Muir, vice-president, General Electric Company; Mrs. Muir; Doctor Fox; Mrs. 
Fox; AIEE Vice-President E. S. Lee 
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Technical High School in Schenectady 
was given by Principal C. E. Crofoot of 
that school. A corresponding article by 
Mr. Crofoot is scheduled for publication 
in an early issue of Electrical Engineering. 


STUDENT ACTIVITIES 


Student activities, always a major feature 
of North Eastern District meetings, held a 
prominent place in the Schenectady pro- 
gram. A technical session was devoted to 
the presentation of student papers. A con- 
ference of Student Branch chairmen, in- 
cluding incoming and outgoing chairmen, 
was devoted to an exchange of experiences 
and a discussion of ways and means of im- 
proving the effectiveness of Student Branch 
activities. This latter was strictly a student 
affair. Also, there was a separate con- 
ference of Student Branch counselors, held 
for the purpose of clearing matters of 
routine business. The students present at 
Schenectady represented 14 out of the 18 
Branches in the District. Of the Branch 
counselors 9 were present. 

At a luncheon meeting heavily attended 
by students and others, M. M. Boring of 
the General Electric Company spoke on 
“The Effect of War on Young Engineers 
Inducted Into Industry.” As Mr. Boring’s 
remarks are considered to be of especial 
significance and value to young engineers 
in the present wartime situation, the es- 
sential substance of his address is published 
elsewhere in this issue. 

AIEE President Prince and National 
Secretary Henline each spoke briefly, and 
Past President Charles F. Scott briefly 
mentioned some points of historical interest 
concerning the early development of Insti- 
tute Sections and Branches. Honor guests 
included Vice-Presidential Nominee Karl 
B. McEachron, and A. L. Rohrer who 
about 50 years ago laid the foundation for 
the General Electric Company’s present 
“student course” for engineering gradu- 
ates. Vice-President Everett S. Lee spoke 
briefly on the significance and importance 
of student participation in engineering 
activities through the medium of such or- 
ganizations as AIEE. Mr. Lee also pre- 
sented District student-paper prizes to 
E. F. Lapham, Jr., S. B. Cohn, and J. N. 
Hines for the presentation of their papers 
as listed in the following program. 


STUDENT TECHNICAL PROGRAM 


The student technical session, held Friday 
morning, was attended by more than 100 
persons, The program included the fol- 
lowing five papers: 


1. Summer WorK AND THE STUDENT ENGINEER. 
Joseph F, Furlong, Jr., Union College. 


2. Snort-Circuir TRANSIENTS IN TRANSFORMERS. 
Charles Ewaskio, University of Connecticut. 


3. AN AMPLIDYNE-ConTROLLED DreseEL-ELecTrRic 
GeENERATOR. J. Ned Hines, University of Connecti- 
cut. 

This paper was awarded third prize for presentation. 
4. A New Tyee or Automatic Rapio DirEcTION 
Finper. Seymour B. Cohn, Yale University. 

This paper was awarded second prize for presentation. 
5. A WarTIME PLAN For RECLAIMING LEAD-CovERED 
Caste. Edmund F. Lapham, Jr., Northeastern Uni- 
versity. 

This paper was awarded first prize for presentation. 
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DISTRICT EXECUTIVE COMMITTEE MEETS 


In addition to closing items of routine 
business for the current year, the District 
executive committee at a dinner meeting 
Thursday evening, May 1, briefly discussed 
some tentative plans and proposals for 
next year’s District meeting and Student 
Branch convention. A suggestion to hold 
the Student Branch convention in New 
York City during the 1943 winter conven- 
tion, possibly as a joint affair in collabora- 
tion with the New York City District and 
other near-by Districts, was very favorably 
received. The proposal is to be referred 
to the student counselors and to the 
1942-43 District executive committee for 
final action. ‘The expedited wartime edu- 
cational program now being pursued by 
many of the technical schools and colleges 
in the District contributed to the favorable 
consideration of this proposal. Many col- 
leges will be graduating seniors in January 
or February, and again in June or July, 
thus adding complications to the usual 
procedure of holding a student convention 
in the Spring. 

The meeting was attended by the follow- 
ing representatives: 


Everett S. Lee, vice-president, AIEE 

R. G. Lorraine, secretary, North Eastern District 

E. A. Walker, chairman, District committee on student 
activities 

E. B. Alexander, chairman, Niagara Frontier Section 
R. F. Chamberlain, chairman, Ithaca Section 

A. G. Conrad, secretary, Connecticut Section 

A. L. Davis, secretary, Springfield Section 

G. M. L. Sommerman, chairman, Worcester Section 


Also in attendance were Past President 
Charles F. Scott, Past Vice-President A. C. 
Stevens, Vice-President-Elect K. B. Mc- 
Eachron, National Secretary H. H. Henline, 
Editor G. Ross Henninger, Secretary H. G. 
Smith of Ithaca Section, and Victor Sieg- 
fried, District vice-chairman of the national 
membership committee. 


DOCTOR FOX ADDRESSES BANQUET 


The District’s annual banquet, reception, 
and dance, the only general entertainment 
affair during the meeting, was held Friday 
evening at the Mohawk Club, with 283 
persons attending. At the close of the ban- 
quet, Doctor D. R. Fox, president of Union 
College, Schenectady, addressed the gather- 
ing on the assigned topic ““Technical Arts in 
the Life of the Engineer.”” Supplementing 
this, AIEE President D. C. Prince spoke 
on “The AIEE in the Life of the Engineer.” 
Vice-President Everett S. Lee presided, and 
also presented to T. A. Rich (A’41) a cer- 
tificate and honorarium covering the Dis- 


trict initial-paper prize for the calendar 
year 1941 for his paper ““Ampere-Squared- 
Second Recorder’ which was presented at 
the North Eastern District meeting at 
Rochester, N. Y., May 2, 1941. Mr. Rich 
had the rare distinction of having his paper 
rated also as the best paper of the year 
against all contenders, as well as the best 
initial paper of a new author. 

The other entertainment features pro- 
vided by the local committee included a 
stag dinner Wednesday evening at which 
247 were present. The double-header 
feature of the entertainment program for 
this dinner included an excellent burlesque 
of the ‘Doctor Quiz” type of radio pro- 
gram currently so popular, complete with 
four stooges scattered through the audience 
with portable microphones for the purpose 
of placing selected victims on the receiving- 
end of trick questions; and the competitive 
performance of four male quartets, each 
of which first sang one song and then led 
the audience in a second song, the volume 
of which was recorded by a noise-measuring 
device for the purpose of giving a competi- 
tive rating to the various quartets. All 
talent for the show was recruited from the 
membership of the Schenectady Section, 
and the performance was highly entertain- 
ing. Doctor Simon Ramo of the Sche- 
nectady Section served as master of 
ceremonies, pausing for this purpose before 
dashing off across the continent to address 
the San Francisco Section and others on 
the subject of ultrahigh frequency develop- 
ments. 

An excellent program for the women 
who were the guests of the local women’s 
committee, included a luncheon at the 
Gideon Putnam Hotel at Saratoga Springs 
and a visit to WRGB television studios 


Wednesday afternoon; a trip to the Mo-— 
hawk Carpet Mills at Amsterdam, N. Y., 
Thursday noon, where an excellent lunch- 
eon was given by the Mills; a tour through 
the Union College campus Friday morning, 
and tea and music that afternoon at the 
home of Mrs. Harry A. Winne. 

Inspection trips, as a result of wartime 
regulations, were limited to the WRGB 
Television Studio, the Mont Pleasant High 
School, and the Schenectady General 
Depot of the United States Army. A 
“House of Magic” program entitled ““New 
Developments” was presented Thursday 
afternoon by the General Electric Company 
in its Rice Hall to such persons as could 
prove that they were United States 
citizens. 


STEINMETZ MEMORIAL LECTURE 


Coincidental with the District meeting, 
the 15th in the series of Steinmetz memorial 
lectures annually arranged under the aus- 
pices of the Schenectady Section was held 
Thursday evening April 30 in Memorial 
Chapel at Union College, and attended by a 
large number of the District meeting regis- 
trants. Lecturer this year was Doctor 
Comfort A. Adams, past president of the 
Institute (1918-19) and AIEE Lamme 
Medalist (1940). Doctor Adams lectured 
on the topic ‘‘Co-operation Versus War.” 

The lecture series was inaugurated in 
1925 by the AIEE Schenectady Section as 
a living and recurrent memorial to Doctor 
Charles Proteus Steinmetz, past president 
(1901-02) of the AIEE and for many years 
eminent scientist of the General Electric 
Company. The costs of the memorial are 
met by the income from an endowment 
fund contributed by friends and admirers 
of Doctor Steinmetz. 


National Secretary Outlines 
Institute’s Development and Trends 


That the engineering profession offers a 
great variety of opportunities for self-de- 
velopment and for vital service to the public 
was re-emphasized by National Secretary 
H. H. Henline in a brief address delivered 
before the opening general session of the 
recent North Eastern District meeting in 
Schenectady, N. Y. The essential sub- 
stance of Mr. Henline’s outline of his as- 
signed topic, “AIEE Progress,” is given in 
the following paragraphs. 


The membership of the Institute on April 
1, 1942, was 18,999, the highest ever 
reached. Although the loss from the pre- 
depression peak was 22 per cent, the turn- 
ing point came suddenly in 1935, and since 
that time the membership has increased at 
a satisfactory rate. The Institute has been 
the largest of the engineering societies since 
19376 

During the depression, the income of the 
Institute was reduced by 43 per cent below 


About half of the guests at the dinner dance, entertainment feature of the North Eastern District meeting, are shown on the lawn 
of the Mohawk Golf Club, Schenectady, N. Y. 
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the income for the year 1927-28. Through 
reductions of expenditures and the use of a 
moderate amount from the reserve capital 
fund, the activities were well maintained. 
In recent years the finances have recovered 
at a satisfactory rate and restorations to 
the reserve capital have been made accord- 
ingly. The income for 1940-41 was only 
12 per cent below that for 1927-28, and 
activities are being maintained at a high 
level that is in many respects even more 
effective than in 1927-28. 


NEW COMMITTEES 


Continuing efforts are made to keep the 
Institute’s technical-committee structure 
up to date and in keeping with the needs of 
the era. Thus, in 1938 three of the tech- 
nical committees (applications to iron and 
steel production, applications to mining 
work, general power applications), were 
combined to form a single strong com- 
mittee on industrial power applications. 
Since that time the fields previously served 
by the committee on transportation and the 
committee on applications to marine work 
were reallocated and three technical com- 
mittees were formed to replace them: one 
on air transportation, one on land trans- 
portation, and one on marine transporta- 
tion. To meet growing needs in other 
directions, the technical committees on 
domestic and commercial applications and 
application of electricity to therapeutics 
were formed in 1940 and 1941, respectively. 

Also, in recognition of the fact that re- 
search is an activity extending into every 
major branch of the electrical field where 
technical advances are being made, the 
long-standing committee on research has 
been transferred from the status of a tech- 
nical committee to that of a general stand- 
ing committee. In 1941, the committees 
on economic status of the engineer, and 
legislation affecting the engineering pro- 
fession, were combined into the Institute 
policy committee, which has a broad state- 
ment of scope in the bylaws and is perform- 
ing the functions of the first two commit- 
tees through subcommittees. 


MEETINGS, SECTIONS, BRANCHES 


The Institute has been holding three na- 
tional conventions and from two to four 
District meetings per year with excellent 
attendance and keen interest. Recently, 
there has been discussion of the desirability 
of curtailing these meetings on account of 
the war situation. However, it should be 
noted that the Vancouver Section, which 
had been authorized to hold the 1940 Paci- 
fic Coast convention and requested that it 
be relieved from this responsibility after 
Canada entered the war, has requested and 
received authority to hold the 1942 Pacific 
Coast convention. Plans for the summer 
convention indicate a full technical pro- 
gram and the board of directors voted to 
make it a “working convention.” The 
policy is to continue normal schedules of 
meetings unless some good reason for cur- 
tailment appears. [Editor's Note: Results of 
this District meeting at Schenectady provide 
emphatic support for continuing such meet- 


ings. ] 
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Technical papers of the Institute are use- 
ful in wartime as well as in peacetime. 
Standard No. 45, covering Electrical In- 
stallations on Shipboard, was revised in 
July 1940, and the demand for copies has 
been heavy because of the great shipbuild- 
ing program. 

In recent years two or three new Sections 
have been formed each year, and the total 
now is 72. In January, the board of direc- 
tors provided for including all of the terri- 
tory in the United States in Section terri- 
tories. Hence, any new Sections formed 
hereafter will represent subdivisions or re- 
allocation of territory presently assigned to 
some Section. A new Student Branch re- 
cently organized at the University of 
Delaware brings the total number to 124. 


WAR EFFORTS 


In war service the Institute is taking its 
proper place, as circumstances develop. In 
accord with a resolution adopted by the 
board of directors in 1940, offering the serv- 
ices of the Institute to the President of the 
United States in connection with national 
defense, the Institute has continued co- 
operating at every possible opportunity. It 
is, of course, realized that the specific serv- 
ices which any engineering society can 
render as an organization are small com- 
pared to the collective total of the services 
rendered by its individual members in the 
Army, Navy, War Production Board, and 
other government agencies, and in all 
manner of industries which are producing 
vitally necessary supplies for war needs and 
for the maintenance of essential civilian 
services. 

Co-operation has been extended in many 
activities, including the national census of 
engineering construction firms, the exten- 
sion of subcontracting plans, the National 
Roster of Scientific and Specialized Per- 
sonnel, a study of supply of and demand for 
engineers, and others. The Institute organ- 
ized a committee on national defense and a 
committee on civil protection, and is repre- 
sented on the National Technological Civil 
Protection Committee and on the Engineers 
Defense Board. Its series of six radio pro- 


grams on defense subjects presented in the 
winter and spring of 1941 was received with 
much interest. Many of the Sections have 
co-operated in war activities, 


PROFESSIONAL ASPECTS OF ENGINEERING 


The Institute is primarily a technical 
organization, and its objectives are based 
upon broad, unselfish motives. Its activi- 
ties are directed toward improved personal 
qualifications and general progress rather 
than mere class advancement. 

A profession has been defined as a calling 
in which one professes to have acquired 
some special knowledge used by way of in- 
structing, guiding, or advising others, or of 
serving them in some art. Hence, the 
guiding principle of a profession is service 
to others. 

Thoughtlessly expanding from this very 
broad characteristic of a profession, many 
persons, some of them engineers, occasionally 
have a tendency carelessly to compare the 
engineering profession with the legal or 
medical profession, and to indicate that 
they are or should be essentially the same. 
Engineering is very different from medicine 
and law. In the latter professions the na- 
ture of professional service is highly per- 
sonal, largely man-to-man and confidential. 
Engineering, however, is a very broad field 
of activity; extending from the realm of 
science on the one hand to that of business 
on the other hand. Engineers operate 
principally as elements of large organiza- 
tions—such as local and national govern- 
ment agencies, manufacturing industries, 
utilities—where they deal with things rather 
than with people. Hence the engineer’s 
services, although no less real and no less 
vital to people, are indirect rather 
than direct. 

It is a serious mistake to try to make 
engineering similar to the professions of 
medicine and law and to use its professional 
aspects for greater personal advantages. 
The situation in the engineering profession 
does not represent confusion as some engi- 
neers claim, but offers a great variety of 
opportunities for self-development and for 
vital service to the public. 


Substitutions for Critical Materials 


Discussed at Schenectady Meeting 


At a conference during the recent North 
Eastern District meeting in Schenectady, 
the general topic “Conservation of Critical 
Materials by the Use of Substitutes,” was 
discussed—with reference to the telephone 
field by J. R. Townsend of the Bell Tele- 
phone Laboratories, Inc., New York, Ni Y., 
and with reference to the manufacturing 
procedures of the General Electric Com- 
pany by John Horn of the engineering 
general department of that company. 


BELL SYSTEM PRACTICES 


Shortly after the outbreak of the war in 
Europe in 1939, the Bell Telephone Labora- 
tories intensified its long-standing normal 
project of collecting data on raw materials 
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and conducting studies of comparative 
suitability of different materials for specific 
applications in telephone equipment. Ac- 
cording to Mr. Townsend’s report, this 
general program of studies had for some 
years been concerned with the possible use 
of plastics in replacing rubber and metal, 
and the possibility of using copper-silicon 
alloys to replace nickel-silver which is used 
for contact springs. Results of these studies 
have permitted quick substitutions to be 
made under emergency conditions as they 
arose, and have enabled impressive amounts 
of critical materials to be saved or con- 
served for direct war uses. 

Since 1939, the need for some of this 
work could be anticipated; for example, 
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substitutes for nickel, aluminum, and zinc. 
Soon, however, substitutes had to be found 
for substitutes, as the war spread to the 
Far East to affect such normal supplies as 
jute from India, tin from Malaya, felt from 
Australia, rubber from the Dutch East 
Indies, and Manila hemp from the Philip- 
pines. Since about the first of 1942, pro- 
duction curtailment has been necessitated 
by a lack of certain available materials 
and now the problem no longer is primarily 
one of using less-scarce materials, but of 
limiting the use of all materials to those es- 
sential to civilian economy and war neces- 
sity. Mr. Townsend pointed out that sub- 
stitute materials must be abundant, easy 
to work, and not require special machinery 
or take engineering talent from more es- 
sential war duties. He also pointed out 
that engineering ingenuity coupled with 
such necessities as those currently faced 
frequently resulted in the development of 
new and sometimes less expensive products. 
‘Some permanent benefits will result. 

The use of materials in wartime is based 
upon three groupings: those essential for 
the conduct of the war, those essential for 
necessary civilian uses, and those available 
as substitutes for relatively scarce materials. 
Respectively, aluminum, tin, and wood, are 
examples of these three classifications. The 
Bell System program for 1942 will save for 
war purposes 100,000,000 pounds of cop- 
per, zinc, lead, magnesium, nickel, alumi- 
num, alloy steel, tin, chromium, crude 
rubber, phenol fiber, jute burlap, and silk. 
This is typical of the communications in- 
dustry in general. Rubber, widely used in 
telephone practice for insulation, has been 
reduced by about 85 percent. Silk, fabric 
and yarn, long a favorite and vital material 
for insulation, has been reduced by 95 per 
cent and is rapidly on its way toward 
total and permanent replacement by such 
substitutes as acetate fabrics, nylon, spun 
glass, and other materials. 


GENERAL-ELECTRIC PROCEDURES 


“The degree of fulfillment of the war 
production program depends in a large 
measure upon industry’s ability to find and 
adopt substitutes for a major portion of 
materials which heretofore have been com- 
monly available in ample quantities.”’ So 
stated John Horn with reference to the 
conservation of critical materials. Further, 
“Coming, as it does, at a time when the 
call for production of tried as well as of 
new designs involves quantities of virtually 
unheard of magnitudes, the problem pre- 
sents a severe challenge to the engineering 
profession. What is more truly an engi- 
neer’s task than an everlasting endeavor to 
devise ways and means of meeting new 
requirements?” Mr. Horn described the 
procedure adopted by the General Electric 
Company as follows: 

Conservation orders emanating from 
Washington are received at the main office 
in Schenectady, and there reviewed by the 
general manufacturing department in col- 
laboration with the central procurement 
and engineering departments. This review 
aims principally at interpreting the orders 
in terms of the company at large. Accom- 
panied by such an interpretation, the orders 


318 


then immediately are passed on to the 
heads of production and engineering in the 
administrative offices of the various plants. 
At those places the orders become subject 
to a second review by local production and 
engineering representatives, who deter- 
mine the effect of the orders upon the opera- 
tions of the particular plant. Subsequently 
the process is repeated in all departments 
that will be affected. There, production 
and engineering representatives again go 
over the orders jointly and decide upon the 
action that may be necessary to comply 
with the terms of the order, and also to go 
beyond that point wherever it is feasible to 
do so in the interest of the general material 
situation in the country. Any appeals 
flow in reverse direction through the same 
channels for comparable co-ordination. 
These procedures pertain to the General 


Electric Company’s apparatus division, a 


division composed of different departments 
which in several instances produce similar 
or parallel lines of apparatus differing prin- 
cipally in size. With this situation, it has 
proved equally necessary and desirable to 
add on the co-ordinating effort that is 
provided for by going through several cen- 
tral points in handling both incoming regu- 
lations and outgoing appeals. Mr. Horn 
stated that experience to date “has 
definitely indicated that it is essential both 
to the company and to the War Production 
Board for conservation orders and the mat- 
ters connected therewith to be handled in 
this truly comprehensive fashion.” 

As to the actual conservation efforts, 
where materials are commonly used through- 
out the manufacturing units as a whole, the 
work usually is organized under the leader- 
ship of one or more specialists from the 
company’s metallurgical staff, or under the 
guidance of one of the several metallurgical 
and material committees which over a 
period of years have been operating as 
advisory and standardizing groups. These 
individuals or committees conduct the 
necessary surveys, co-ordinate the results of 
tests and experiments initiated to determine 
the adaptability of new or modified ma- 
terials to existing designs and available 
manufacturing equipment, and also co- 
ordinate detailed local or specialized in- 
formation from the various departmental or 
plant representatives, engineers, or manu- 
facturing personnel. The basic informa- 
tion resulting from such general surveys is 
subsequently checked ‘“‘on location” by the 
central co-ordinator, “‘to promote decisions 
for those changes that hold the best promise 
from the viewpoints of procurement, manu- 
facturing, and engineering.” The: follows 
the initial introduction of the new materials 
selected for any given process, an operation 
which sometimes requires preliminary op- 
eration on a trial basis to develop the neces- 
sary experience to facilitate a complete 
switchover in manufacturing procedure. 


CONSERVATION EFFORTS CLASSIFIED 


Conservation efforts may be considered 
as falling into two general classes: (1) con- 
servation by substitution; (2) conservation 
by reduction in quantity of material used. 
Each of these involves its own problems, 
and sometimes all are interrelated. 
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Conservation by substitution falls into 
two major subdivisions: (1) a direct change 
from one material to another without any 
significant modification in design or in 
application; (2) a change to substitute 
materials that is possible only through re- 
design and/or more or less drastic changes 
in manufacturing process. A simple ex- 
ample of a direct change would be from 
primary to secondary aluminum, or from 
tin-base bronze to tin-free bronze. An 
obvious example of the type of substitution 
requiring design and manufacturing 
changes would be the shift from aluminum 
to steel construction. Many changes of 
this latter type are necessary although they 
commonly require extensive investment of 
man-hours and equipment all the way from 
the drafting and design board down to and 
including the factory floor and manu- 
facturing machinery. 

The matter of conservation by reduction 
in quantity of material used is largely a 
problem of finding new ways of using and 
fabricating the material in question; in 
other words, continuing to use the same 
basic material but utilizing it on the basis 
of material scarcity rather than on that of 
ease and economy of manufacture. Parts 
manufactured from sheet material may fall 
Within this group, and the question may 
resolve itself into a different laying out of 
the pieces to make more efficient use of the 
original material, possibly resorting to the 
practice of welding a multiplicity of small 
pieces into the final desired shape as against 
forming from large pieces. 

Conservation procedures obviously affect 
and are affected by material specifications, 
Mr. Horn pointed out, and require close 
contact and co-operation between engi- 
neers and metallurgists on the one hand and 
procurement specialists, vendors, and vari- 
ous government agencies on the other hand. 
In many instances the issuing of material 
specifications in advance form to take into 
account anticipated development in the 
material field has been found to be a very 
practical solution. Measures of this nature 
facilitate procurement and avoid unneces- 
sary delays of shipment from suppliers who 
otherwise would be bound to specifications 
that could not be met in the present scarcity 
situation. Mr. Horn emphasized that ‘this 
is a point that deserves more general recog- 
nition on the part of every purchaser of 
material to specifications in all fields.” 


CRITICAL MATERIALS CONSERVED 


Among a group of some 67 materials 
recently designated by the War Production 
Board as being vitally needed for war pur- 
poses and hence not generally available for 
other needs are the following 15 materials, 
all of which occupy conspicuous places in 
the field of electrical manufacture: alloy 
steel, including several of the most promi- 
nent alloying constituents; aluminum, in- 
cluding scrap; chromium; copper, in- 
cluding scrap; magnesium; nickel, includ- 
ing scrap; tin, including tin plate and 
terne-plate; tungsten, including tungsten 
carbide; formaldehyde; phenol-formalde- 
hyde resins and plastics; shellac; toluol; 
tung oil; mica splittings; rubber, includ- 
ing crude, latex, chlorinated, and synthetic. 
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Some of these materials, of course, are more 
easily replaceable than others, especially 
those that are used for structural purposes 
as contrasted with those used for operational 
functions. Thus, the conservation effort 
naturally has been most effective in elimi- 
nating or reducing the consumption of 
structural materials. 

As indicative of what the electrical in- 
dustry is doing in this direction, Mr. Horn 
indicated the following examples of reduc- 
tion in the use of aluminum: 5,000,000 
pounds a year from household refrigerators, 
1,300,000 pounds from electric meters, 
550,000 pounds from industrial control 
gear, 360,000 pounds from street lighting 
equipment, 200,000 pounds from lightning 
protective devices, 165,000 pounds from 
switchgear construction, 70,000 pounds in 
the form of aluminum paint and sheet 
stock for name-plates, etc. 

Among the remaining metals named as 
random selections from the WPB listing, tin 
comes next to aluminum in quantity con- 
sumed for structural uses. Its three main 
‘uses are tin-base bronzes, babbitts, and 
solders. To date, most progress has been 
made in reducing the tin consumption in 
babbitts and solders; reduction in the 
field of the bronzes requires the develop- 
ment of foundry experience with the low- 
tin and tin-free compositions which can be 
used as substitutes. 

Normal composition for General Electric 
standard babbitt for bearings for rotating 
apparatus has been one containing 83.3 
per cent tin. Since the beginning of Janu- 
ary 1942, however, research has brought 
out a lead-base babbitt containing 82.5 
per cent lead, 15 per cent antimony, 1 per 
cent arsenic, 1 per cent tin, and 0.5 per 
cent copper as a satisfactory substitute for 
use in centrifugally cast sleeve bearings. 
On that basis the manufacture of this type 
of bearing in the company’s various motor 
departments is in process of changeover with 
a resultant expected saving of more than 
200,000 pounds of tin per year at the present 
rate of production. Active work and some 
trial productions are in progress with refer- 
ence to stationary-cast bearings where the 
conservation effort centers around a re- 
design to the use of thin-wall bonded 
bearings instead of the solid cast-in anchor- 
age type. 

Solder composition popular in recent 
years has been 40 per cent tin and 60 per 
cent lead, and compositions with a higher 
tin content have been used for some gen- 
eral-purpose work. Among the substitutes 
currently being experimented with, a com- 
position of 20 per cent tin, 1 per cent silver, 
and 79 per cent lead has been found to be 
reasonably applicable with but minor 
changes in technique, temperatures, and 
operating schedules. This composition is 
regarded at least as a temporary replace- 
ment for the 40-60 composition, although 
experiments are continuing with various 
other compositions down to and including 
the no-tin composition 97.5 per cent lead, 
21/2 per cent silver. For certain heavy-duty 
electrical joints where use has been made 
of 100 per cent tin, changes have been 
made to enable the use of silver to the ex- 
clusion of tin. A typical example of this 
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In Memoriam 


BION JOSEPH ARNOLD 


BION JOSEPH ARNOLD, 16th president of 
the Institute, died on January 29, 1942, at the 


age of 80. 


He was born at Casnovia, Michigan, August 14, 
1861, and received the degrees of bachelor of 
science, master of science, and honorary doctor 
of philosophy from Hillsdale College. He en- 
gaged in graduate study at Cornell University 
The Univer- 
sity of Nebraska awarded him the degrees of 


and the University of Nebraska. 


electrical engineer, 1897, and doctor of engineer- 
ing, 1911. The Armour Institute of Technology 
awarded him the honorary degree of doctor of science in 1907. Doctor Arnold 
was employed by the Chicago Great Western Railway as chief draftsman and 


mechanical engineer, 1887-89, and as engineer and manager of the St. Louis 
office, 1889-92. 


He was consulting engineer in the Thomson-Houston Electric Company in 
Chicago, 1892-93. As an independent consulting engineer since 1893, he was 
engaged at various times on many railway electrification and electric traction 


projects. 


He joined the Institute in 1892, and was transferred to the grade of Member in 
1893, and to the grade of Fellow in 1912. He was elected an Honorary Mem- 
ber in 1937. He served the Institute as a director, 1895-98, vice-president 


1902-03, and president 1903-04. 


* 


Resolved: That the board of directors, on behalf of the membership of the 
American Institute of Electrical Engineers, hereby expresses keen regret at the 
death of Doctor Arnold and sincere appreciation of his numerous contributions 
to the development of Institute activities during his membership of about 50 


years. 


Resolued: hat these resolutions be entered in the minutes and transmitted to 
members of his family.—AJEE Board of Directors, May 22, 1942. 


application is commutator-riser joints on 
large machines. Contrary to this, however, 
there are some instances where adequate 
replacement material has not yet been dis- 
covered. One of these is in the soldering of 
leads to commutators, where pure tin ap- 
pears to be the only material that will give 
safe joints under the temperatures and high 
speeds of actual operation. In the use of 
soldering pots for hot dipping, good results 
have been obtained with 90 per cent lead 
and 10 per cent tin. The wiping of cable 
joints represents another operation for 
which a definite substitute for the 40-60 
solder used in the past has not yet been 
found. The indication is that tin solders 
with less than 38 per cent tin cannot be 
worked in a practical way to produce re- 
liable nonplus wipes. On a trial basis, 
however, good results have been obtained 
with certain tinless solders and these now 
are being explored further. In general, the 
very substantial total requirement of tin 
for solders has been reduced by more than 
50 per cent. 

Mr. Horn mentioned the position of 
unique importance held by copper in the 
present status of electrical engineering as a 
whole, and stated that wherever it serves 
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as an electrical conductor it can be re- 
placed successfully only in rare instances. 
Any conservation effort on copper there- 
fore resolves itself almost entirely into a 
search for the most economical utilization 
of copper rather than for its substitution. 
The various applications of copper for non- 
conductor uses, however, have given way 
largely to the use of steel, malleable iron, 
terne-plate, brass, bronze, and zinc, ac- 
cording to the requirements of the par- 
ticular application. ° 

(Editor’s Note: As one element in the 
current United States effort to conserve 
copper, a certain new aluminum plant is 
scheduled to use silver throughout for all 
heavy-current-carrying conductors. Also, 
for this sare job, a dozen 12,500-kva trans- 
formers are being built with windings en- 
tirely of silver conductor in place of copper. 
The manufacturing and operating experi- 
ence obtained with this installation may 
disclose interesting possibilities. Qualified 
observers estimate, however, that the silver 
required for this installation represents 
something like 25 per cent of the govern- 
ment store of bulk silver bullion currently 
stored by the government.) 

Chromium and nickel have special im- 


ot) 


portance in their use as an electrical-re- 
sistance alloy in control resistors and heat- 
ing elements. Where space is no element, 
cast-iron grids are being used as substitutes. 
However, many applications remain in 


limited to careful and efficient use. Toluol 
is an ingredient of many varnishes of fast- 
drying characteristics serving as binders or 
adhesive agents—for instance in built-up 
mica; between 100 and 150 such applica- 


In Memoriam 


RUDOLPH EMIL HELLMUND 


ON Saturday, May 16, 1942, the electrical engi- 
neering profession suffered a great loss in the 
passing on of Rudolph Emil Hellmund. Born 
in 1879 at Gotha, Germany, Mr. Hellmund 
entered this country in 1903, becoming a citizen 
in 1920. Educated at the Technical College of 
Ilmenau and the University of Charlottenburg, 
he spent his early years as a designer of electrical 
machinery at Poeschmann, Cologne, and Stutt- 
gart, Germany. In 1903, he entered the employ 
of the Krantz Company, of Brooklyn, N. Y., as 


Bachrach 


a designer of switches and switchboards. After 

exercising his unusual gift as a designer in an affiliation with William Stanley 
and later with the Western Electric Company, he joined the staff of the Westing- 
house Electric and Manufacturing Company in 1907, carrying out the develop- 
ment of a line of induction motors. In 1912, he was placed in charge of the 
design of all d-c and a-c railway machinery. Following a general assignment as 
consulting engineer until 1921 he then became engineering supervisor of 
development, chief electrical engineer in 1926, and chief engineer of the com- 
pany in 1933. The award of over 300 United States and foreign patents to 
Mr. Hellmund and the authorship of more than 100 technical papers are strik- 
ing indications of the great breadth and practicability of his engineering ac- 
complishments. In recognition of his many contributions to machine design, 
he was awarded the Lamme medal in 1929. 


In addition to the multiplicity of his interests in the Westinghouse Company, 
Mr. Hellmund always found time to take an active part in many related activities 
of the electrical field. He became affiliated with the AIEE in 1905 as an As- 
sociate, and in 1913 was transferred to Fellow grade. He served on many of 
the Institute’s committees, being an active member of the Standards Com- 
mittee from 1930 to 1942, acting as chairman during 1938-40. He was elected 
a Director of the Institute for the term 1939-1943. He served as a representa- 
tive of the Institute on the Electrical Standards Committee and the Standards 
Council of the American Standards Association and of the United States 
National Committee of the International Electrotechnical Committee. 


With full realization of the value of the many contributions which Rudolph 
Emil Hellmund made to the development of the electrical art and his sincere 
and unselfish devotion to the advancement of his profession, the board of direc- 
tors of the American Institute of Electrical Engineers hereby directs that this 
minute be spread on the records and transmitted to the members of his family.— 
AIEE Board of Directors, May 22, 1942. 


which space is a controlling element, and 
for such circumstances the search to date 
has not yielded a practicable substitute 
material. 

All the nonmetallic materials named in 
the WPB listing previously mentioned are 
components of electrical-insulation ma- 
terials. Among these, formaldehyde, which 
is required for the manufacture of coil- 
treating varnishes and allied materials, is 
ene for which no adequate substitute has 
been found and for which conservation is 
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tions common in 1941 have now been so 
reduced that the consumption already is 
down something more than 50 per cent. 
Substitutes for tung oil have brought about 
a 35 per cent reduction in current require- 
ment. 

Mica, with its long standing as the only 
useful material for certain electrical-insu- 
lation purposes is still an unmatched ma- 
terial for applications where its mechanical, 
heat, and other outstanding characteristics 
are actually needed. The grades of mica 
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generally suitable for electrical insulation 


are the imported varieties from India and 
Madagascar, no longer available in ade- 
quate quantities. Considerable quantities 
of mica from deposits in both North 
America and South America consequently 
now are finding use, although the quality 
of this Western-Hemisphere product is 
lower and there is considerable difficulty in 
obtaining machine-splittings that compare 
satisfactorily with the hand-split imported 
grades. Selective use, in accordance with 
a careful grading of actual requirements, is 
enabling increasing use of the local product 
and corresponding conservation of the im- 
ported product. In one particular applica- 
tion, a reduction in thickness from 0.03125 
inch to 0.02 inch resulted in a saving of 
3,800 pounds of imported mica per year. 

The subject of materials conservation is 
much too comprehensive to be covered in 
any one brief review. However, the 
typical procedures and examples cited in- 
dicate the enormous scope of conservation 
efforts currently being made, and may sug- 
gest ways for further and more rapid 
progress. ‘‘This is an engineering problem, 
the successful solution of which will pro- 
mote our national welfare and interest, and 
will definitely help to shorten the war,” 
stated Mr. Horn in closing. 


Wartime Quality Control 
Discussed at Schenectady 


‘Statistical methods for quality control” 
was the general discussion topic for one of 
the several conferences on the program of 
the recent AIEE North Eastern District 
meeting in Schenectady, N. Y. In addition 
to extemporaneous discussions, two ad- 
dresses were given: ‘‘Quality Control in 
Relation to Engineering Tolerances,” by 
H. F. Dodge of the Bell Telephone Labora- 
tories, New York, N. Y.; and “Quality 
Control and the War,’ by Lieutenant 
Colonel Leslie E. Simon of the United 
States Army Ordnance Department, Aber- 
deen, Md. Mr. Dodge spoke with par- 
ticular reference to the quality-control- 
chart technique that has been used as an 
engineering tool to aid in the solution of 
practical problems in design and manufac- 
ture. Colonel Simon discussed the applica- 
tion of this control method to ordnance; 
the substance of his address is scheduled for 
publication in an early issue of Electrical 
Engineering. ‘The essence of Mr. Dodge’s 
remarks are reflected in the following para- 
graphs. 

Mr. Dodge emphasized that the quality- 
control-chart technique has become of in- 
creasing usefulness in problems of mass pro- 
duction where the aim is repetitive produc- 
tion of a given item. The technique pro- 
vides a relatively simple method of studying 
and controlling the variations of any quality 
characteristic of a product. Two principal 
uses of the control chart mentioned by Mr. 
Dodge were: (1) to assist judgment in 
determining whether the state of statistical 
control exists, and (2) to attain and main- 
tain control of quality during production, 
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__as outlined in the “Guide for Quality Con- 


trol and Control-Chart Method of Analyz- 
ing Data” published by the American 
Standards Association in May 1941 as one 
of its “American Defense Emergency Stand- 
ards.” Several actual examples of the 
application of this method were discussed 
in some detail. In one example, the method 
disclosed a relatively large variation in 
quality and indicated the source of the 
difficulty. Following the ensuing engineer- 
ing investigation and corrective action, 
quality variation was sufficiently reduced 
to permit the use of still smaller tolerance 
limits, with a substantial saving in a costly 
material. In this instance, the statistical 
methods aided the solution, although the 
major contribution was made by engineer- 
ing. 

The second principal use of the control 
chart is covered in another publication 
(“Control-Chart Method of Controlling 
Quality During Production”) which cur- 
rently is being published by ASA for dis- 
tribution early in June. Mr. Dodge pointed 
out that this method is recommended for 
use by the manufacturer as an aid in 
identifying and eliminating causes of 
trouble in repetitive processes, to reduce 
unnecessary variations in quality. The 
method is especially recommended for use 
where destructive testing makes 100 per 
cent inspection impossible, and where it is 
desired to exert purposive control over the 
percentage of rejections. In such an in- 
stance, the control chart is used for keeping 
a continuing record of the quality of a 
product while production is going on, so as 
to detect any assignable cause of variation 
as soon as it appears. 

Mr. Dodge emphasized the fact that such 
methods are not automatic cure-alls. The 
work involved in the over-all control process 
is perhaps less than 10 per cent statistical 
and more than 90 per cent engineering. 
Thus success in application depends funda- 
mentally upon engineering judgment, 
knowledge of manufacturing processes, and 
technical skill in tracking down the causes 
of trouble, the presence of which may be 
disclosed by the control chart. 
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Series on Mathematical Analysis 
to Be Issued as Pamphlet 


The series of articles currently being 
published in Electrical Engineering on 
“Advanced Methods of Mathematical 
Analysis as Applied to Electrical Engi- 
neering,” of which the concluding article 
appears in this issue, is being reprinted in 
pamphlet form in response to demand. 

The five articles were first presented as 
lectures before the basic science group of 
the AIEE New York Section at a sym- 
posium held at Columbia University dur- 
ing the winter of 1940-41. The symposium 
of which Professor Paul C. Cromwell of 
New York University was chairman, 
aroused so much interest among the mem- 
bers attending that the authors were asked 
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to put their respective lectures into the form 
of articles in order to make them available 
to the entire Institute membership. The 


articles as subsequently published in Elec- 
trical Engineering are: 


Heaviside’s Direct Operational Calculus, J. B. Russell, 
Columbia University (EE, Feb. ’42, p, 84-8) 


Integration in the Complex Plane, K. O, Friedrichs, 
New York University (EE, Mar. ’42, p. 139-43) 


Laplacian Transform Analysis of Circuits With 
Lumped Linear Parameters, Jacob Millman, College 
of the City of New York (ZE, Apr. ’42, p, 197-205) 


Analysis of Systems With Known Transmission- 
Frequency Characteristics by Fourier Integrals, W. L. 


Sullivan, Stevens Institute of Technology (EE, May’ 42, 
p. 248-56) 


Traveling Waves on Transmission Lines, Ernst Weber, 
Polytechnic Institute of Brooklyn (. 302-09) 


The purpose of the lectures, which have 
been published in essentially the form in 
which they were delivered, was to present 
to engineers condensed and_ simplified 
forms of the subjects considered. For 
those interested in studying the basic sub- 
ject matter in more rigorous and complete 
form, lists of references accompany each 
article. In order to make the series con- 
veniently available for use as background 
material for round-table discussions on ad- 
vanced mathematics or for similar pur- 
poses, the consolidated pamphlet reprint is 
being issued. Copies may be obtained 
from the AIEE order department, 33 West 
39th Street, New York, N. Y., at $1 each; 
special prices will be quoted on quantity 
orders. 


1942 Year Book Issued 


The 1942 edition of the AIEE Year Book 
has been issued, in accordance with 1941-42 
budget provisions. Addresses are corrected 
as of March 1, 1942. Copies have already 
been distributed to all national, District, 
and Section officers, Student Branch coun- 
selors, and all members of national com- 
mittees. Other members desiring copies 
may obtain them by writing to the AIEE 
order department, 33 West 39th Street, 
New York, N. Y. The Year Book is not 
available to nonmembers of the Institute, 
nor is its use permitted for commercial, 
promotional, or other circularization pur- 


poses. 


Bibliography Published on 
Circuit-Interrupting Devices 


A second bibliography of technical litera- 
ture, “Bibliography on Circuit-Interrupting 
Devices, 1928-1940” has just been pub- 
lished by the Institute. Like its predeces- 
sor, the “Bibliography of Relay Literature, 
1927-1939,” this special publication is 
sponsored by the AIEE committee on pro- 
tective devices. The list of more than 850 
titles includes, for the period 1928-1940 in- 
clusive, practically all material on the sub- 
ject published in the American technical 
and trade press and the principal articles 
published in other countries. All such ma- 
terial appearing in AIEE Transactions or 
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Future AIEE Meetings 
Summer Convention 
Chicago, Ill., June 22-26, 1942 


Pacific Coast Convention 
Vancouver, B. C., September 9-11, 1942 


Middle Eastern District Meeting 
Pittsburgh, Pa., October 14-16, 1942 


Winter Convention 
New York, N. Y., January 25-29, 1943 


Electrical Engineering is of course included. 

The reference items are divided into 
subject sections, and within each section 
are numbered consecutively, subdivided by 
years, and listed alphabetically for each 
year. ‘The subject headings are: 


Circuit Breakers (Air, Oil, Water, Rapid Reclosing, 
Recovery Voltages, General and Miscellaneous), 
Enclosed Switchgear, Air Switches, Bus Bars and 
Fuses and Fuse Protection. 


The “Bibliography on Circuit-Interrupt- 
ing Devices, 1928-1940” is a 28-page 81/s 
by 11-inch pamphlet, uniform in appear- 
ance with the “Bibliography of Relay Litera- 
ture.” It is available from AIEE head- 
quarters, 33 West 39th Street, New York, 
N. Y., at 40 cents per copy to Institute 
members (80 cents to nonmembers), sub- 
ject to a 20 per cent discount for quantities 
of 10 or more mailed at one time to one 
address. Remittances, payable in New 
York exchange, should accompany orders. 


1942 Lamme Medal Nominations 
Due December 1 


Special attention is directed to the fact 
that the names of Institute members who 
are considered eligible for the AIEE 
Lamme Medal, to be awarded early in 
1943, may be submitted by any member in 


accordance with section 1 of article VI of 


the bylaws of the Lamme Medal committee, 
as quoted in the following: 


The committee shall cause to be published in one or 
more issues of Electrical Engineering, or of its successors, 
each year, preferably including the June issue, a state~ 
ment regarding the ““Lamme Medal” and an invita- 
tion for any member to present to the national secre- 
tary of the Institute by December 1, the name of a 
member as a nominee for the medal, accompanied by a 
statement of his “‘meritorious achievement” and the 
names of at least three engineers of standing, who are 
familiar with the achievement. 


Each nomination should give concisely 
the specific grounds upon which the award 
is proposed, and also a complete detailed 
statement of the achievements of the nomi- 
nee to enable the committee to determine 
its significance as compared with the 
achievements of other nominees. If the 
work of the nominee has been of a some- 
what general character in co-operation with 
others, specific information should be given 
regarding his individual contributions. 
Names of endorsers should be given as 
specified in the foregoing quotation. 
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The following constitutes the annual 
report on Institute Section and Branch 
activities for the fiscal year which ended 
April 30, 1942. Similar information for 
three preceding fiscal years appeared in 
Electrical Engineering for June 1941, pages 
285-87; June 1940, pages 250-3; June 
1939, pages 268-71. 


Section and Branch Activities— 


Present members of the Sections com- 
mittee and the committee on Student 
Branches, which supervise the two im- 
portant divisions of Institute activities 
covered by this report, are: 

Sections—M. S. Coover, chairman, W. B. Morton, 


vice-chairman and secretary, C A. Faust, O. W. Holden, 
S. J. Lisberger, E. T. Mahood, R. M. Pfalzgraff, 


Table I. Section Membership and Meetings During Year Ending April 30, 1942 
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bership, August 1941 


Section 


Akron.........--.. 85 Signe. 49.. 56 Transportation 

Alabamaiae joc. 40 45.. 4 29). 64 aatlentig do Haas oO nas oon eee wel) 

ATIZONA yeeros ieee nislsioi=)= 81 285. 9 SHS ata | Niagara Frontier... 197.. 207..10.. 100.. 48 
North Carolina..... ihe aie ise (Uh 7 

MET Asdoasccoee sao Cul. GEDAS toe, WEIR, Zak NOMAD cease Wi. sil ti, eo ZO 

Central Indiana.... 132.. 144.. 6.. 45.. 31 : 117.. 117.. 9... 93.. 80 

Gitaroo 769.. 810..11.. 202.. 25 Ms tan AR 

Power group....-+---+++s++0++ 42. 55 Philadelphia....... G00 Wise G, 13, OY 

Industrial group.............-. eye (0) Pittsburgh......... BoA 630. See 18ina0 
Cincinnati......:.- 2078 21276 95. 39.42 GHRSGL a coaeeca 192.. 197.. 5 OY, 6 GP) 
Cleveland.......... BEV. 5 Weis 9 203.. 56 Popular meet- 

Technical group.....----++-+++ De ee eee ee ee 9. 1,189 
Colurebamee ase piece ye Y Sashes Portland.........-. 17662, 1968513. (8045, 45 
Connecticut........ Daa 50 ns ero amici 
Denver...... Ses G08 WPS. Wiles eo: Ooo EY and distribu- 

tion commit- 
East Tennessee... .. eWrors WMina. of/ 47.. 34 Peer fate Pee earthen, bara: To 46 
LATS ae 5 nS Een Dts 56.. 4 56..100 @ommunication 
COMMIDITECE | trae crater nel casera 7 Hees 3h 
El oriGaspicrrieecinns 78 100kee 3 285, .285 . 99 95. .10 74.. 78 
FOrWayne ee 109 80.. 8 54. 68 Providence. cicciei ate eae Olys bt 
sisters ; vi 11 
Georgia.........+- 109 /eui22n050. 1257-1020 cog rca ipo eeetO el 
Sty Owls. iret 273s, 304710. “9625732 
Houston........--. BE ES UB oath San Diegoue.. ote: BG. ie n46e 908 De AD 
San Francisco...... SOR pe OAs ere. ee OR he 
“igtace MO sila ae d/ (Bins Ths 
ens apageRG ae eae Cobar e rere Saskatchewan...... fii. Mle Gon” BOs. 206 
. j 4 Schenectady........ 434.. 484..11.. 238.. 49 
Kansas i@ityisace1- cis 14S 2S. 44.. 34 Technical  dis- 
cussion meet- 
Lehigh Valley...... 19S LO4 ees L00n 52 LIA P'S Payee eve teteashe ciclo, cio ins Sr ske oor 3} 65 
Los Angeles........ Ni. Seite. Wel. 24 Seattle? i. smcivacciie 164.. 202.. 8 Mts EYS 
Louisville.....-..5.- 61:.  B6:. 7. 87..101 Sharonwsyeeg seers 105. 120 9 119... 99 
Wiysamderteteter-tejsisrcteleiete MY Wig 550.529) South Bendecwrea jeer Vas 13155251 
Technical meet- South Carolina..... S7e 50)... 2 
BRAGS aye ole icte de etetes ohateo} sietonapc\aiete Zi 03 SouthiMexaspecperteisie Chan  wklsee &) 68. .142 
Local conven- Spokanesnapeeniee SI) S4e=. 18 54.. 64 
(HOT Showacaduncnaesosadedn 2.5) 150 Springfield......... lees alse, 66. .129 
SAO ricosbuenss Weeds Wei orll 86.. 83 
Madison s\<':4\.\./60/3 = Chea ae eho 118. .164 
Rock River Val- uPoledoOsnemmrcnisesier Tee SO tt ole. 76 
Re vAStIDSCCHON seifesteisisiateisterete rs hog tek SOLON TOR ete ee 342 363. .16 168.. 46 
MERE Clas55qpcnee Gate Aesth, ees Gn Tulsa wrtescrcitoe 94 90..10 74.. 82 
Maryland.......... PPI AT) TOOReS5 
Meni phisymcss taser (os Ooo 36.. 54 Mian terete elects 76 Can 8) 398. 585 
MexiG0.f/.f2.0e= 0: Bane SEiioe Oom Leon ers Utabiea acer vee 76 Weer) 243. .337 
Michiganttetiee ee SiGe 39 Oo alo Oe cn OF. Idaho technical 
Milwaukee......... Ase PA ale WON, 2k COMMITEE 77. n simu etewic ese Bae 2e 
Minnesota......... LOW 103) ei 47.. 46 : 
Montana... sc... BO AO sn 1S 13077, 030 ; 
Vancouver......... Tee ols One = 45,4) 
Muscle Shoals. ..... 33..  30..10.. 34. .113 Virginia........... ills SEY ee BAe OR 
INebraskarcmmer cir 48. 45.. 4 Mla te a P 
New Mexico—West Washington\)qecn eo One 40 land] 20n, 35) 
fPexasmerewteae 47 es Of 276 63 Technical _ ses- 
New Orleans....... 12,5) NA, SAO 61.. 46 sions commit- 
iNew, Yorksu.,.eche 33346. .3,492.. 4.. 475.. 14 LOC occa ec ce aisisarveuaysis ie cash s 3.. 114 
Power SYOUP  ieierciamselee siclerc 5.5) 1.90) West Virginia. ate aval 48.. Lhe ae DSi LG 
Communication Wichita.)s, a. eee Zi. 64. .10.. Aen OG: 
SVOUp Pe Melt peter cei rekon: 3 325 Worcester: -neenee 63. GOreo 67. .103 
Illumination —_ ee 
(GeMeocqouseonssensonHo0be 3.. 267 Total—72 Sections, 14,844 .15,927 .647 
Basic science 
OLIN coadasoccodoRobosaona Dine HO Total attendance, 78,254 
B22 Institute Activities 


H. H. Race, J. M. Thomson, and ex officio the chair- 
men of all Sections of the Institute. 


Branches—H. W. Bibber, chairman, W. J. Miller, A. 
Naeter, B. L. Robertson, Charles F. Scott, G. H. 
Sechrist, E. M. Strong, G. W. Swenson, R. G. Warner, 
and ex officio all Student Branch counselors. 


Table II. Branch Meetings Held 
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Delaware, University of* .......... 
Denver, University of.2. ..>.s7 Arete teers 31 
Detroit, University of........... Re) GO aaetcoys 26 
Drexel Institute of Technology...... Sie avarecs 14 
Duke: University ssa sss ese oD oe si apane 23) 
Florida, University of... ...<00<-e- 10 Seeie 22 
George Washington University... .. . Disses wars 32 
Georgia School of Technology....... Bee ates 63 
Harvard University. .<. 5 ee 3 Peart 14 
Idaho; University/ot-s see ee ees 15.teeee 28 
Illinois Institute of Technology... .. . [2a 60 
Iiinois, University :ot..,.s-0- eae ee 
Towa state: Colleges mstecsirceic ce etre a Oe eee 64 
Towa; University of .acmeece eee A Wid Seseiriis 40 
Johns Hopkins University........... OWES ae 22 
Kansas'State College. .cananecerae | 1 ree 85 
Kansas, University of.ee ee eeeneee Die stents 59 
Kentucky, University of............ 9 hes Aes 61 
Latayette Collepewenme et eects Arig. okeie 17 
Lehigh) University...).,-.<nrce eee S's aeetane 193 
Louisiana State University......... 11...... 26 
Louisville, University of............ Date oie 87 
Maine~University of... ......>)-<05 10 conker 18 
Manhattan College................ Syste 35 
Marquette, University...).coss 1c...) Sea ae o 1 
Maryland, University of............ 9...... 89 
Massachusetts Institute of Tech- 

nology .).cnan itor eee eee ee 4 yeaa 33 
Michigan College of Mining and 

Technology vos es cere ee ete ite 5 PAR 36 
Michigan State College............ ein eats 50 
Michigan, University of............ 94. 36 
Milwaukee School of Engineering... 5...... 48 
Minnesota, University of........... 6: canoe 44 
Mississippi State College........... Diets 24 
Missouri School of Mines and 

Metallurgy. sateen eee Are Spas 50 
Missouri, University of............. Gryeceetexs 36 
Montana State College.............22...... 23 


*Authorized by board of directors, January 29, 1942, 
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_ All Sections were active, and only 7 
held fewer than 5 m-etings each, while 
28 Sections held 10 or more meetings each. 

: A large majority of the Sections devoted 
Portions of their programs for the year to 


During Year Ending April 30,1942. 
es 


’ _ Num- Average 
- Branch ber Attendance 
a ee Se 
Nebraska, University of............13...... 38 
Nevada, University of........ Stain cainasr win eth xs ore a 
Newark College of Engineering...... 6...... 29 
_ New Hampshire, University of...... Cite So 
New Mexico State College........ rere een 9 
_ New Mexico, University of....... SC Sos, Soe 16 
New York, College of the City of 
DOR WOLVISIOG Gs veces cc ees ac anced, cxisisk 60 
Evening division. ............. Sore 13 
New York University 
: WIRY GLvigiONs cekawnen ses ace > » Ginsu 17 
Evening division. ............. Taseees 21 
. North Carolina State College. ...... DP, Socios 40 
North Dakota Agricultural College... 8...... 17 
. North Dakota, University of.....2.. 9...... 12 
Northeastern University... .. Bee kcin's iBince 2s 46 
Northwestern University. .......... ee se 36 
Norwich University............... - * ee eee 25 
Notre Dame, University of......... Rie Sr 39 
Ohio Northern University... .. Sa ee 36 
Ohio State University............. BP Oia wok 36 
Psion miversity. aki ic cece yx wes ss ee ee 39 
Oklahoma A. & M. College........ lt ee 88 
Oklahoma, University of. .......... Dee aes 36 
Oregon State College.............. nae 45 
Pennsylvania State College. ...... Seeks one 68 
Pennsylvania, University of......... eg 18 
Pittsburgh, University of........... ae a 82 
Puerto Rico, University of.......... 
Pratt PEStUte jpoccisa wo Gn we SW 0.507 aS 36 
Princeton University............... ak as 20 
Pasrlize VERSIE Ys «6 <u sraisle'n wh 5 oe Pion. 2 131 
Rensselaer Polytechnic Institute... .. I Aa 108 
Rhode Island State College......... Miike ys 15 
Lie ag SC ee ee ee eas ee 37 
Rose Polytechnic Institute. ......... REE 34 
Rutgers University. << os. -e0-sser-= Siomiasie-« 22 
Santa Clara, University of.......... De aorets 16 
South Carolina, University of....... Be en 14 
South Dakota State College......... pe ee 26 
South Dakota State School of Mines.. 5...... 17 
Southern California, University of,... 8...... 22 
Southern Methodist University. ..... So cacti 28 
Stanford University... << 20...0cs ss Te re See 43 
Stevens Institute of Technology...... 
Swarthmore ‘College..........00++- Liew 27 
Syracuse University.........-..--- Daye eye's 8 
Tennessee, University of..........-- Sica 26 
‘Texas Ay se. M College... 2. sceciees Benes wa 42 
Texas Technological College........ i Re, eee 86 
Texas, University of. ........-+++.. ct ee ae 64 
Tufts College........ccseseee-eees Siete e 32 
Tulane University.........------0. Diets ste 33 
Union College. ......-----s-e+s0- ES 58 
Utah, University of...........++.-- 
Vermont, University of..........-. eae 17 
Villanova College. ........ssces+es xesveitioes 10 
Virginia Military Institute.......... Bienes 64 
Virginia Polytechnic Institute....... PF er 48 
Virginia, University of..........--- PD Se 18 
Washington, State College of....... 14 coee.. 43 
Washington, University of.......... Sastre 57 
Washington University........--+-+ Bs rates 24 
West Virginia University.......-.-- SIO aroteestats 25 
Wisconsin, University of........-.+- Wie a ae 106 
Worcester Polytechnic Institute... .. aoe 50 
Wyoming, University of......-..--- OD aerrcte 11 
Yale University.........-++--++-++- 6 tenia 14 


Total—124 Branches 
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Table Ill. Section Meetings Held Dur- 
ing Last Three Fiscal Years 


Fiscal Year Ending April 30 


various phases of defense and war activities. 

A new Student Branch organized at the 
University of Delaware brought the total 
number to 124, 


1940 1941 1942 
a eeee—aO ee Table V. Conferences on Student Ac- 
Number of Sections... 70 ., 72 ., 72 tivities 
Number of meetings 
Held eniae chicas me Olle (0S2en G47 BE tir PEE 
Average number of District Location Date 
mectings....... iy 10°0:.. 9.8.. 9.0 
Total attendance. ....91,949 ..92,554 , 78,254 
Aver? attendance DO cahu isc iane Mee Illinois Institute of 
POP MSCUNg cc sws | 192 8 182 5. 121 Technology, Chi- 
CARO, Mi bitg tcc 5/19/41 
8 and 9, Univer- Yellowstone National 
4 sity of British Park (Pacific Coast 
Table IV. Branch Meetings Held Dur- Columbia convention)....... 8/27-29/41 
ing Last Three Fiscal Years OF cas pa eee aces University of Mary- 
land, College Park, 
SS 
Mideast e.arctegnretacs 10/24-25/41 
For Year Ending April 30 Lic Od eR i St. Louis, Mo. (South 
a West District meet- 
1940 1941 1942 ING) sis:c10: 0 010 .0feiejatele’> 10/8-10/41 
Wa ares Wakeai Bis hes, New Orleans, La. 
(Southern District 
Number ofBranches... 121 .. 123 .. 124 : 
Numnber’of meetings mecting)iig ges nin 12/3-5/41 
Relates «a tee 1346 S.01163) x. 1946 Gh wommamocoabe 70 Colorado State Col- 
Average number of lege, Fort Collins, 
PRECUD ER ors oc cca ns Bile ee 9.525 7.6 Golo... ..+++++00- 4/17-18/42 
Total attendance..... 64,972) 5.652.285 © ,.375785 Lc pens, skates aeerovenal cee ats Schenectady, N. Y. 
Average attendance (North Eastern 
per meeting........ 48.3.. 45.0.. 3959) District meeting) . 4/29-5/1/42 
Table VI. Section or Joint Section and Branch Meetings With Active Student Par- 
ticipation 
Student 
Sections Branches Date Talks Attendance 
New Orleans.........---> PPrtlarye VOMIV ETSY (in ok, aicto.e viiaieval ti oteistarelers A/18/ Alias tyeyehe erate Digs arden 48 
Chicago... c53suv0050-56 { Illinois Institute of Technology } rere B/L/Ad es. fae Ce Sree 100 
Northwestern University 
ETE sinh eee Ser Ie: { Towa State College \ Bra See oe ae EYAYENL avchaonee (Mebane 74 
University of lowa 
Cincrmat.. w nn ec iess . University of Cincinnati................. CIA VU 8 5 snaate Give ate 115 
Spokanes,.-ar aoa a Se { University ofIdaho = B/O/AT eeeaoterts Deer sortie 109 
State College of Washington 
MANGIA 5 cece setters 6 Virginia Polytechnic Institute............ BVO V/Alierare cicistee 4a occur 10 
eT nldae ee eee ote { University of Arkansas} ROW A ie rine 4 ee 54 
Oklahoma A, & M, College 
POU anG ets eae eres: vs Oregon State Collegeri....% «eis:sj07s sien ieines SAWN Men ano et Pin eae Kern 80 
North Carolina... .....<0. North Carolina State College............. VU TALS. aettncrec 1 
Oklahoma. City...2.55+0.- University of Oklahoma.............++.. BRAVIA oo ote bse sole oie ated cet 89 
Se owas. ee. ates ie ieee! of Missouri } Weare 5/23/41 eee Screen 66 
Missouri School of M. & M. 
RY ORCOSEEE tetas tele iseeis Worcester Polytechnic Inst.............+. 5/25 /4 le eretetaietete Dra tieregeterees 50 
MS tabs osceiats ofakotos osyetes ace (Oniwerpity, Of taMiet citer nieidte le elses latetae 5/26/41 cesta «eee 4 isa peices 49 
FROPOWEO as nine arielalsice.t University, of Toronto. .sicvssccee ss nasees WREV CVn stron O06 Caan in pint 88 
WAHCOUVEID sie.c0 5cs ea Poses Univ. of British Columbia............... BY B/42 ir eerie ae A poitansseiete 63 
NEW Orleans, 5. cle s:r.010:0,0: » Louisiana State University.............. 3/20/42) cre ctssciaate ALS xeatees TE 
RL HStOTE I soe tee ors alesse { Rice Institute \ SOL OS oe ae S27 AD ere ietela aie: Are cet vate 80 
Texas A. & M. College 
Cancinnais socpietees sere University of Cincinnati...............-. AZAD AS stores ererelets Als teleiste/o ere 55 
PACT fein, slatea aie 93.5, 3a University of Akron. .....00+sseresecee 4/14/42 
Los Angeles.........+.: California Inst. of Tec: yaa VEY: Vere oop Linke one 170 
ener { University of Southern Calif. {14/ 
Cleveland «pistes aisle = 515 Case School of Applied Science........... 4/16/42 
Dignnisyilles secleauie sie aie ceis\s University of Louisville.............+--- YANG Vie strc dhe qrreate saci 30 
South Benda. ogre cies ecte University of Notre Dame.............+. WY 22 Bain tate sarees Cae eins 45 
Lowa eee ae tee tor ae State College Ve evar cdtneuncr ons UPI EP Srcneee Writ tambo 41 
University of Iowa J 
MinuiesOtasn sso. eines. <1 University of Minnesota...........---+.. ADD KALI sts meses) coe Bae eis toiaysuets 50 
New Orleang. 56 scielasir 2 30: Tulane Univereityss occ sstcicsaccn- <= «0 BZA AZ Ss wus staolete 2 
University of California 
San Francisco.......... 1 University of Santa Clara Pe ae ate cael ADA LAD Werle aioli is Ee OD Grit 88 
Stanford University WED ; a 
University of Idaho we ee ee eee LOX VC WAS SOIC eDAHDOLIOCE 
Spokane. .<..00scsse+e- ee Collegeof Washington 
Worcester sretscisisis's\te- else ets Worcester Polytechnic Inst..........+--+-- A ZA Adina sires dete Oe be otnnao 33 
Totals—23 Sections, 33 Branches, 29 meetings. ....--+++eeeeererre cers rreerereeeee DAE oie wielie ae 1,749 
823 
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ABSTRACTS e 


TECHNICAL PAPERS previewed in this section 
will be presented at the AIEE summer convention, 
Chicago, Il., June 22-26, 1942, and are expected to 
be ready for distribution in advance pamphlet form 
within the current month. Copies may be obtained 
by mail from the AIEE order department, 33 West 
39th Street, New York, N. Y., at prices indicated 
with the abstract; or at five cents less per copy if 
purchased at AIEE headquarters or at the conven- 
tion registration desk. 


Mail orders will be filled 
AS PAMPHLETS BECOME AVAILABLE 


Basic Sciences 


42-128—The Effect of Initial Conditions ~ 


on Subharmonic Currents in a Nonlinear 
Series Circuit; Stephen 7. Angello (appli- 
cation pending). T5cents. In a series circuit 
consisting of a resistance, capacitance, anda 
saturable inductor with a sinusoidal im- 
pressed electromotive force, it is possible to 
establish curents with a frequency which is 
a submultiple of the frequency of the ap- 
plied voltage. A device was constructed 
for closing a switch in the circuit at any 
point on the input voltage wave. The 
wave form of the current in the circuit 
for the first four cycles after closure could 
be viewed. Investigation of the current 
response for initial-voltage phase angles 
ranging from 0 to 360 degrees showed that: 


(a) Phase angles of 0 and 90 degrees usually yield 
60-cycle current. 


(6) Phase angles of 90 and 270 degrees yield sub- 
harmonic current for certain impressed voltages, and 
a circuit resistance less than seven ohms. 


(c) The wave form of the first four cycles of the cur- 
rent is dependent on the initial flux linkages in the 
inductor core. 


42-141—Energy Flow in Electric Sys- 
tems—the Vi Energy-Flow Postulate; 
Joseph Slepian (F’27). 20 cents. The condi- 
ditions which a valid postulated electric- 
energy flow must satisfy are given and are 
stated to be insufficient for its unique deter- 
mination. The commonly used Vz energy- 
flow postulate is shown by examples to be 
not generally valid, but by adding a simple 
term it can be made equally valid with other 
valid energy-flow postulates. Various 
examples are given of the application of 
this corrected energy-flow postulate. On 
power systems, the engineer commonly 
limits his use of the uncorrected Vz postu- 
late to applications where the correcting 
term should have a negligible net effect. 
Various examples of such use are discussed. 


42-142—Formulas for Calculating Short- 
Circuit Stresses in Bus Supports for Rec- 
tangular Tubular Conductors; T. 7. 
Higgins (A’40). 175 cents. Formulas are 
derived by which can be calculated the 
values of the “shape correction factor’? k, 
essential to the computation of short-circuit 
stresses in bus supports for rectangular 
tubular conductors. Differentiation of the 
known formula for the magnetic-field 
energy of a circuit comprised of two long 
parallel rectangular tubular conductors, 
expansion of the resulting derivative in an 
infinite series, and appropriate selection 
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therefrom of the terms of consequence yield 
formulas, expressed as rapidly converging 
series, for k. These formulas enable one 
to calculate rapidly the short-circuit stresses 
in the supports of single or polyphase a-c 
or d-c busses comprised of identical strap 
or rectangular tubular conductors with 
parallel coplanar axes. Several detailed 
numerical examples illustrate application 
of these formulas to busses comprised of 
strap conductors or of square tubular con- 
ductors. 


42-140—On Eddy Currents in a Rotat- 
ing Disk; W. R. Smythe. 15 cents. There 
seem to be no simple formulas for calculat- 
ing the braking torque on conducting disks 
rotating in magnetic fields. This paper 
derives briefly a general formula given by 
Maxwell in 1873 and from this develops 
equations giving the torque when a uniform 
magnetic field is produced over one or two 
circular areas by a permanent magnet. 
These equations are good approximations 
when 2rwby<0.1 where w is the angular 
velocity in radians per sec, b the thickness 
in cms and y the conductivity of the disk 
material in electromagnetic units. Maps of 
the eddy currents are drawn. The torque 
for n poles can be found accurately by 
the method used here for two and is roughly 
equal to n times that for one pole. The 
demagnetizing action of the eddy currents 
on an electromagnet is calculated and a 
simple approximate formula for the torque 
as a function of speed is derived. A numeri- 
cal example is worked out, using dimensions 
larger than those postulated for accuracy 
in the derivation but giving results that 
agree quite well with the experimental 
data of Lentz for a brake of comparable 
size. This would indicate that these 
formulas can be used for a rough guide in 
designing large brakes. 


Electrical Machinery 


42-115—Emergency Overloading of Air- 
Cooled Oil-Immersed Power Trans- 
formers by Hot-Spot Temperatures; V. 
M. Montsinger (F 29), P. M. Ketchum (A ’39). 
30 cents. During the period of the war, the 
need for obtaining maximum transformer- 
overload capacity is very great, particularly 
under rare emergency conditions. Since 
the amount of overload depends upon maxi- 
mum rather than average temperatures, 
hottest-spot temperatures and oil gradients 
were measured in several transformers of 
different ratings under (1) rated load, (2) 
moderate ultimate overloads, and (3) 
short-time heavy overload conditions. The 
results of the tests are analyzed with the 
conclusions (1) that the hottest-spot rise 
over average rise at rated load ranges from 
five to ten degrees centigrade for most 
power transformers, and (2) that the hot- 
test-spot rise over top oil varies approxi- 
mately as loss°-8 for both ultimate and short- 
time overloads. The paper suggests in- 
creasing the present American Standards 
Association temperature limits and shows 
how the proposed temperature limits affect 
the life of insulation judged by laboratory 
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aging tests reported in another paper to be | 
presented at the same session. Calculated 
short-time overloads are given to show how 
they vary with different characteristics of 
transformers. 


{ 


42-132—Precision Speed Control for 
World’s Largest Induction Motor; R. R. 
Longwell, M. E. Reagan (F°41). 195 cents. 
Automatic control equipment has been de- 
veloped for all types of machines and ap- 
paratus but that for a 40,000-horsepower 
motor is the most unusual single installa- 
tion. Following the single manual opera- 
tion of energizing the master relay of the 
automatic control apparatus, two 5,000- 
horsepower motor-generator sets are started 
and brought up to speed in sequence and 
the 40,000-horsepower motor is connected 
to the substation bus automatically. This 
is accomplished without requiring more 
than 2,000-kw increase in power demand 
from the a-c system in any 60-second inter- 
val. The motor is started and brought up 
to speed merely by the simple operation of 
setting the pointer of a control dial at the 
speed desired. Speed is maintained within 
0.3 to 0.5 per cent of the speed setting at 
any point in the speed range of 37.5 to 
295 rpm. 


Electronics 


42-122—Electronics of the Fluorescent 
Lamp; Mark A. Townsend (A’42). 20 
cents. The fluorescent lamp can be con- 
sidered as two energy converters connected 
in series. The first of these is a gaseous con- 
ductor which converts electric energy into 
ultraviolet radiant energy. The second is a 
coating of fluorescent powder which acts 
as a frequency changer to convert ultra- 
violet radiation into visible light. The 
gaseous conductor, or gaseous-conduction 
lamp, is an electronic device and the elec- 
tronics of the fluorescent lamp are con- 
cerned with the operation of this part of 
the lamp. The performance of fluores- 
cent powders is mentioned briefly in order 
to illustrate the requirements which the 
gaseous conductor must meet. A major 
part of the paper is devoted to a description 
of the fundamental mechanisms of current 
conduction and the relation of these proc- 
esses to the production of radiation and to 
the over-all electrical characteristics of the 
lamp. 


Industrial Power Applications 


42-118—Ignitron Rectifiers in Industry; 
J. H. Cox (A’25), G. F. Jones. 20 cents. 
When a new device is developed, for various 
reasons it is usually adopted and proved by 
a particular industry. In the case of the 
ignitron rectifier, the first applications were 
in transportation service in mines and rail- 
ways. The apparatus and its performance 
in these early installations was discussed 
by the present authors in an earliér Insti- 
tute paper. Since that time, and as superior 
operating results have become known, the 
ignitron has been adopted by other indus- 
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tries, most notably the electrochemical 
industry. In excess of 2,000,000 kw of 
ignitron rectifier units has been purchased 
by that industry alone. This paper dis- 
cusses primarily installations for large power 
concentrations. 


42-138—Electric Equipment for Large 
Electrochemical Installations; 7. R. Rhea 
(A’41), H. H. Zielinski (M°35). 30 cents. 
The increased demand for aluminum, 
magnesium, chlorine, copper, and zinc for 
war purposes has made these electrolytic 
processes the largest consumers of electric 
energy in this country. The most fre- 
quently encountered direct current and 
voltage requirements of these four prin- 
cipal electrolytic processes are discussed. 
An illustrative current-time and voltage- 
time characteristic curve for starting a 
chlorine cell line is shown and the require- 
ments that such characteristics impose on 
the electrical equipment are discussed. 
The current-voltage characteristics of alumi- 
num, magnesium, chlorine, and zinc cell 
lines are also shown. A typical installation 
of conversion equipment for an electrolytic- 
process plant is given and the reasons for 
selecting the particular types of electric 
equipment, and its physical and electrical 
arrangement are discussed. As part of this 
discussion, there are included characteristic 
curves of rectifiers showing the effect of 
ignition control on power factor for 6-, 
12-, and 36-phase combinations. A table 
gives a “rule of thumb” relationship be- 
tween the number of phases and kilowatt 
limits which have been found in practice 
to provide operation reasonably free from 
telephone interference. A tabulation of 
phase-shifter combinations is also given, by 
means of which multiphase operation can 
be obtained with various combinations of 
standard 6-phase rectifier transformers. 


42-143—Electrical Features of Design 
and Operation of the Plantation Pipe 
Line; M. A. Hyde (A’27), H. B. Britten. 
20 cents. This 1,260-mile line, utilizing 
30,000 horsepower in motors, is the largest 
refined-products line ever built and is 
unique in the number of different products 
handled and the number of delivery points. 
The design of this line embodies the solution 
of unusual engineering problems as to 
flexibility for present schedules and possible 
future expansion, the safe handling of 
hazardous petroleum products, the co- 
ordination of electric apparatus to pump 
requirements, and the development of a 
system of control. 


42-139—A New Multipole High-Speed 
Air Circuit Breaker for Mercury-Arc- 
Rectifier Anode Circuits and Its Relation 
to the Arc-Back Problem; 7. W. Seaman 
(A°?32), L. W. Morton (A’38). 30 cents. 
One persistent factor in connection with the 
application of rectifiers which has claimed 
much attention is the phenomenon of arc- 
back. Various methods of attack have been 
employed successfully. High-speed anode 
switching appears to be the most satis- 
factory way to handle this problem. Such 
a solution is widely used in the aluminum 
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industry. Part I of this paper includes an 
analysis of the arc-back problem and vari- 
ous means of protection from its effects. 
Reasons why high-speed anode switching is 
an improved type of arc-back protection 


are set forth. Part II of this paper de- 


scribes a multipole high-speed air circuit 
breaker. The requirements which the 
breaker must meet are discussed and the 
electrical and mechanical features de- 
scribed. Performance of the breaker was 
checked in field tests. Oscillographic data 
are presented to prove that the performance 
is acceptable. 


Instruments and Measurements 


42-108—Modern Cathode-Ray Oscillo- 
graph for Testing Lightning Arresters; 
E. F. Wade (A’23), T. J. Carpenter (A 38), 
D. D. MacCarthy (A’28). 15 cents. This 
paper describes the design features and 
performance of a high-voltage cathode-ray 
oscillograph of the cold-cathode type with 
the film in the evacuated chamber. This 
instrument was designed to meet the exact- 
ing needs of a laboratory devoted to light- 
ning-arrester development and the study 
of insulation protection. The important 
requirements for this work include: ac- 
curacy of measurement, convenience of 
operation, consistency of timing and 
switching, and high writing speed essential 
in studying fast nonrecurrent transients. 
Elements that enable these requirements to 
be fulfilled are described, and illustrative 
oscillograms included. Sweeping speeds as 
fast as 44 centimeters per microsecond and 
writing speed in excess of 3,000 centimeters 
per microsecond enable this oscillograph to 
record ultrafast transients. The instru- 
ment has been of great value during two 
years of constant use. 


42-110—Theoretical Possibilities in an 
Internally Heated Bimetal Type of 
Thermal Watt-Demand Meter; Edward 
Lynch (M °35). 25 cents. An elaboration on 
and greater dissemination of knowledge 
about thermal demand meters leads to a 
mathematical expression of “logarithmic 
average” which can be applied to varying 
as well as uniform loads. Such an expres- 
sion defines a quantity which a theoretical 
thermal demand meter would indicate. 
Commercial meters do not exactly indicate 
this quantity under all load conditions be- 
cause of ‘‘diffusion” but an analysis of 
the factors entering into diffusion indicates 
that an “‘internally heated” bimetal meter 
will greatly reduce this effect since the 
heat is generated in a distributed manner. 
Experimental models not only substantiate 
this theory but indicate as well that high 
torques are available in such meters which 
can be utilized in sustaining greater ac- 
curacies. 


42-123—A New Moving Magnet In- 
strument for Direct Current; H. 7. Haus 
(M 34), F. R. MacIntyre (A’41). 15 cents. 
A d-c instrument recently developed for 
use as a battery-testing voltmeter has char- 
acteristics which make it an acceptable sub- 
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» fields. 


stitute for a permanent-magnet moving- 
coil instrument of normal sensitivity. The 
element includes a diametrically magne- 
tized rotor, acted upon by two magnetic 
These fields are displaced by 135 
angular degrees, and are produced by two 
control magnets and a current-carrying coil. 
The field of the control magnets provides a 
restoring torque, and the rotor assumes the 
position at which its poles are in line with 
the resultant of the control magnet field 
and the coil field. The desired character- 
istics have been obtained by the use of 
permanent-magnet materials new to the 
instrument art. The entire element is en- 
closed in a metal cup approximately three- 
fourths-inch in diameter by one-half-inch 
in length. This small size renders it suit- 
able for many applications in which there 
would not be room for a moving-coil-in- 
strument element. 


42-134—A New Jewel for Indicating In- 
struments; I’. K. McCune (A’33), 7. H. 
Goss (A’35). 20 cents. The problem in- 
volved in obtaining jewels for electrical 
indicating instruments and equivalent ap- © 
paratus is discussed. Test data showing the 
performance of materials that might be 
substituted for sapphire are presented, and 
in particular, the data show that jewels 
properly made from one of these materials 
are very acceptable for the purpose. 


Land Transportation 


42-121—Sleet Problems on Electrified 
Railroads; H. F. Brown (M’25). 20 
cents. Sleet storms, or more properly ice 
storms, have always presented serious diffi- 
culties to the operators of overhead electric 
conductors of all classes. For more than 25 
years some electric power companies have 
been using the circulation of electric cur- 
rent to heat the conductors, either to melt 
off the ice or to prevent it from forming. 
The technique of such procedure is well 
known, and will not be described beyond 
the presentation of fundamental theoretical 
data. Electrified railroads operating with 
overhead contact systems have similar ice- 
storm problems, and in addition, a num- 
ber of special problems caused by such ice. 
These problems are outlined, and some 
means that have been used or proposed for 
their solution are described. Operating 
experience with one special application to 
a case of severe exposure to ice storms and 
high wind velocities is cited. Some of 
these special railroad problems have not 
yet been satisfactorily solved. 


42-126—Improvements in Preventive 
Coil Control for A-C Locomotives With 
Particular Reference to “Resistor Transi- 
tion”; P. H. Hatch (M’29), H. S. Ogden 
(M36). 20cents. A-c locomotive accelera- 
tion control has undergone a more or less 
steady improvement in its design features. 
The paper deals with some of the more im- 
portant improvements in the control that 
are now in general use, and also covers an 
interesting application of a shunting resis- 
tor the function of which is to prevent satu- 
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ration of a preventive coil undergoing transi- 
tion. In discussing the resistor transition 
the results of the original experiments are 
covered in some detail and graphic illus- 
trations are given showing the improve- 
ment in the notching on a locomotive that 
is obtained when the scheme is applied. 
Complete elimination of the sag back be- 
tween notches is achieved and the high 
peak voltages caused by the saturation of 
the preventive coil completely vanish. 
Service experience with locomotives so 
equipped indicates much quieter operation 
of the tap switches, smoother locomotive 
acceleration, less tendency of the locomotive 
drivers to slip while accelerating, and im- 
proved life of the tap-switch arc-chute 
sides and contact tips. A scheme of con- 
trol for accomplishing the desired sequence 
of operation of the tap switches and resistor 
contactor that is simple, yet quite effective 
and reliable, is described in detail. 


42-127—Electric Control for Steam Boil- 
ers on Diesel and Straight Electric 
Locomotives; &. H. Burgess. 15 cents. 
Electric control is a necessity in the opera- 


tion of the modern steam boiler if it is- 


expected to have maximum efficiency, 
safety in operation, and constant operation 
at the various outputs required. Installa- 
tion and operating conditions vary over a 
wide range; therefore, to meet these con- 
ditions, the controls used differ in type and 
quantity to meet those actually needed for 
good operation, as well as those required 
to comply with rules and regulations under 
which the installations are permitted. 
Generally, the method of operation of such 
boilers can be classified in two categories, 
automatic and semiautomatic. Electric 
control is further separated into two com- 
ponent parts: operating necessities re- 
quired for actual boiler operation, and 
safety features required under legal regu- 
lations, including those needed for the 
safety of the equipment itself in case of 
failure of any major part. Operating con- 
ditions of today require a trouble-free full- 
capacity output boiler that can be 
operated without the constant need of an 
attendant. To obtain this service, electric 
controls of approved types are a vital part 
of the complete boiler assembly and should 
not be overlooked in the design of equip- 
ment for the most satisfactory operation. 


42-137—Electrical Facilities and Operat- 
ing Plan for the First Chicago Subway; 
Charles E. DeLeuw. 25 cents. The $64,000,- 
000 five-mile subway project now being 
completed will provide long-needed rapid- 
transit terminal facilities in the Chicago 
downtown district. The subways were 
built with track sections in tunnel—at 
low level. Platforms 500 feet long are 
provided at stations except in the congested 
area where there is a continuous island 
platform 3,300 feet in length with access 
provided by mezzanine stations in each 
block. Power will be 600 volts d-c. The 
144-pound contact rail will be energized 
by existing substations and energy de- 
livered by conventional positive and nega- 
tive feeders. Adequate sectionalization of 
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the entire system is provided largely by 


automatic operation. Centralized super- 
visory control of the all-relay type includes 
most modern accessories. Train move- 
ments will be controlled throughout by a 
modern signal and electropneumatic inter- 
locking system with automatic stops. 
Signals are spaced and timed for operation 
of 40 trains per hour on each track. Sig- 
nals and other electrical facilities, including 
lighting, pumps, fans and escalators, will 
have a-c power supply. Fluorescent lamps 
will be utilized at all subway stations. 
Lighting intensities on mezzanine floors 
and station platforms will vary from six to 
eight foot-candles. Escalators are pro- 
vided at all stations. At the downtown 
and heavier outside stations two 4-foot 
escalators are provided, operating at a 
speed of 90 lineal feet per minute. 


Power Generation 


42-113—Frequency Control of Load 
Swings; J. E. McCormack (M37), R. 7. 
Lombard. 15 cents. "This paper describes a 
new method of dispatching generator load 
changes on the Consolidated Edison Com- 
pany system. ‘This method was adopted 
after extensive tests had been made to de- 
termine the cause and extent of load swings 
on tie feeders and generating stations. 
Manual adjustments of generator load are 
now made only when such adjustments 
tend to restore frequency to normal. 
The magnitude and occurrence of load 
swings have been so reduced that they no 
longer present a problem. 


Power Transmission and 
Distribution 

42-107—Study of Driven Rods and 
Counterpoise Wires in High Resistance 
Soil on Consumers Power Company 
140 Kv System; 7. G. Hemstreet (A ’27), 
W. W. Lewis (F’38), C. M. Foust (M ’37). 
25 cents. A test setup was made in high- 
resistance soil in western Michigan, by 
which the effectiveness of deep-driven rods 
and parallel and radial counterpoise wires 
could be evaluated. It was found that 
counterpoise wires were very effective com- 
pared with normal tower footings in pick- 
ing up lightning current, and that the two 
types of counterpoise were equally effec- 
tive. Deep-driven rods (50 to 150 feet) in 
this type of soil are much more efficient 
than counterpoise wires. Another setup 
allowed a measurement of the voltage drop 
between tower and a rod 6 feet away from 
the tower. From these measurements it 
was found that the ratio of surge resistance 
to normal tower-footing resistance de- 
creases with increasing currents and in- 
creasing resistance, and may be as low as 
0.04 for soils where the normal resistance 
ranges up to 1,000 ohms or more and tower 
currents up to approximately 50,000 
amperes. 


42-109—Abnormal Currents in Distri- 


bution Transformers Due to Lightning; 
JF. M. Bryant (M?713) and M. Newman 
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(A’39). 75 cents. Abnormal currents in 
distribution transformers caused by light-. 
ning are analyzed both theoretically and 
from field experiences. Under certain con- 
ditions of direct stroke transferred through 
the arrester to the neutral of the secondary 
winding, excessive currents may wreck the 
secondary windings as a result of electro- 
magnetic forces. Long-duration surges, or 
shorter repeated surges, saturate the trans- 
former cores producing greatly increased 
surge currents in the primary windings 
which influence fuse failures. The satura- 
tion of the cores by unidirectional lightning 
surges also bring about increased power- 
frequency magnetizing currents influenc- 
ing sectionalizing-fuse and circuit-breaker 
operations. 


42-111—Load Ratings of Cable—lII; 
Herman Halperin (M26). 30 cents. The 
loads on many existing underground paper- 
insulated cables may be safely increased 
during at least this war period. This is 
substantiated particularly by the presenta- 
tion of data showing that for many cables 
the allowable copper temperatures during 
occasional emergencies may be from 100 to 
140 degrees centigrade, or much above the 
maximum temperatures given in the speci- 
fications originally used in purchasing the 
cable. In determining the value for any 
given case, consideration must be given to 
a large number of factors. One important 
factor is cracking of lead sheaths as a re- 
sult of reciprocating daily cable movement 
in the manholes. Test ard field data are 
analyzed to indicate the life of sheaths 
under various conditions. Some data are 
given on the effect of heat on various cables, 
on the thermal characteristics of cables, and 
on matters relating to heating of conduits. 


42-112—Series Capacitors for Transmis- 
sion Circuits; E. C. Starr (F’47), R. D. 
Evans (F’40). 30 cents. This paper pre- 
sents the results of an investigation concern- 
ing the use of series capacitors on long 
transmission lines. The various applica- 
tion problems are discussed. Results of 
stability and hunting tests on miniature 
systems equipped with series capacitors 
are included. 


42-117—Stability Study of A-C Power- 
Transmission Systems—I and II; John M. 
Grzybowskt Holm (M°29). 30 cents. The prin- 
ciples of design are given of 31 transmission 
systems selected for stability studies on the 
a-c calculating board. The systems trans- 
mit 50,000 to 800,000 kw (at the receiving 
end) over distances of 50 to 500 miles at 
69- to 345-kv sending-end voltages. Com- 
plete system data are given, including the 
reactances of generators, transformers at 
both ends of the transmission line, and the 
load. The kilovolt-ampere capacity of re- 
ceiving-end condensers is given for all sys- 
tems as measured on the analyzer. Steady- 
state and transient-stability limits of sys- 
tems are given as obtained on the network 
analyzer. No special devices for stability 
improvements are used, except that the 
250- and 500-mile lines are equipped with 
intermediate synchronous condensers. 
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fats ; 
ves are plotted permitting determina- 
of the system stability limit, or the 
tage required for a certain condition. 
urves are suggested for rapid estimating of 


_ the steady-state and transient-stability limits 


ofsystems. Means necessary to increase the 


stability limits of systems are studied on 


the a-c network analyzer. The number, 
location, and size of the intermediate con- 
denser station is investigated. Its effect on 
the line operating conditions and on the 
stability limits is discussed. Curves are 
given showing at various fault-clearing 
times the increase in the transient-stability 
limit of 50- to 500-mile lines due to ground- 
ing the sending-transformer neutral through 
a 13-per-cent resistance. A study is made 
of the effect of the reactor on the generator 
bus on the increase of the steady-state and 
transient-stability limits. Conditions for 
its application are discussed, and curves 
suggested for estimating the improvement 
obtained in the transient-stability limit, as 
well as the required size of the reactor on 
the bus. The methods to be used on the 
systems designed are given, in order that 
their stability limits may be brought up to 
the ratings desired. 


42-133—120-Kyv Compression-Type 
Cable; J. T. Faucett (F’28), L. T. Komives 
(4°41), H. W. Collins (A’22), R. W. Atkin- 
son (F°28). 20cents. Armored compression 
cable, in which temperature compensation 
is obtained by diaphragm action of the lead 
sheath subjected to external gas pressure, 
has been in operation in Europe for a 
number of years at voltages up to 120 kv. 
Because of the difficulties of obtaining pre- 
cise information on all phases of the foreign 
installations and the uncertainty involved 
in extrapolating foreign experience to the 
relatively large loads transmitted in this 
country, laboratory tests and an experi- 
mental field installation were made to re- 
check fully the mechanical, electrical, and 
thermal features of this system. This in- 
vestigation showed that the increase in 
conductor size and temperature range did 
not influence unfavorably the operation of 
such cable and that this type of system is 
well suited for loads of 100,000 kva or more. 
It was also found that the external armor 
heretofore used on compression cable can 
be eliminated, together with the expansion 
bends in the pipe line on each side of the 
joints. 


42-135—120-Ky High-Pressure Gas- 
Filled Cable; I. 7. Faucett (F’28), L. I. 
Komives (A’41), H. W. Collins (A’22), R. W. 
Atkinson (F’28). 25 cents. This paper deals 
with the theory, manufacture, and testing 
of 120-kv high-pressure gas-filled cable and 
describes an experimental installation by 
the Detroit Edison Company in co-opera- 
tion with the General Cable Corporation 
and a subsequent commercial installation 
on the Detroit Edison system. While high- 
pressure gas-filled cables, encased in re- 
inforced lead sheaths, have been in success- 
ful operation abroad, these are the first 
experimental and first commercial installa- 
tions in the world of this type of cable in 
steel pipe. The experimental installation 
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- 30 cents. 


showed that nonleaded high-pressure gas- 


filled cable could be designed and manu- 
factured to operate with equal success in 
steel pipe, and that it could be installed 
without the insulation being adversely 
affected by atmospheric exposure or me- 
chanical handling. The commercial in- 
stallation, consisting of a seven-mile circuit 
of 120 kv cable capable of transmitting 
95,000 kva continuously, was put into 
service on December 31, 1941. 


Protective Devices 


42-114—A Compressed-Air Operating 
Mechanism for Oil Circuit Breakers; 
R. C. Cunningham, A. W. Hill (M?41). 15 
cents. Compressed air is used as a source 
of power to close oil circuit breakers and 
has the advantage of being immediately 
available in a charged reservoir. Heavy 
closing currents are avoided, and faster 
breaker speeds are obtained, especially in 
reclosing. The essential features—an air 
supply, operating cylinder, and control 
means—are combined in one housing to 
provide an independent unit, with pull 
characteristics adjusted to meet the load 
requirements of conventional breakers, as 
demonstrated by test oscillograms. 


42-116—Current and Potential Trans- 
former Standardization; 7. E. Clem (F’38), 
J. H. Neher (M’38), E. L. Harder (M41). 
This report has been written to 
discuss the considerations that led to the 
adoption of the material in the revision of 
Section IV, Instrument Transformers, of 
the Proposed ASA Standard for Trans- 
formers, C-57. Primary current ratings of 
current transformers are discussed and the 
required list materially reduced in number. 
Standard burdens for rating purposes for 
current transformers are discussed and a 
single list covering requirements for relay- 
ing and metering applications proposed. A 
method of specifying the accuracy classifi- 
cation of current transformers is proposed 
on the basis of the total error introduced 
into the circuit by the transformer and es- 
tablishes narrower limits than before. A 
new section on standard accuracy classes 
for current transformers for relay service 
has been added to the Standard and this 
section is discussed and explained. Pre- 
ferred ratios for potential transformers, to- 
gether with the corresponding insulation 
levels, are reviewed. A simple method of 
calculating current transformer perfor- 
mance is presented for transformers having 
negligible internal regulation. 


42-119—Tests and Analysis of Circuit- 
Breaker Performance When Switching 
Large Capacitor Banks; 7. W. Schroeder 
(A °37), E. W. Boehne (M °37), 7. W. 
Butler (M ’39). 30 cents. At the present 
time the use of capacitors in banks up 
to 10,000 kva is being given increased 
consideration and _ several installations 
having steps in this range have already 
been made. With this growing use of 
capacitors, it is becoming increasingly 
necessary to apply adequate power circuit 
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breakers to the task of switching these large 
banks. Large transient equalizing currents 
may obtain when energizing capacitors. It 
has long been recognized that the job of 
switching capacitive circuits, as defined 
particularly by long unloaded transmission 
lines, can becomes difficult, so it logically 
follows that both the duty on the breaker 
and its effect on the system during switch- 
ing of large capacitor banks should be in- 
vestigated. This paper offers an analysis of 
the problem together with test results on 
full scale and miniature capacitor banks. 
Certain conclusions are drawn relative to 
the duty on and selection of breakers for 
this service, 


42-120—Transient Recovery Voltages 
and Circuit-Breaker Performance; R. C. 
Van Sickle (M37). 30 cents. Recent studies 
of the transient recovery voltages which 
electric-power systems can impress on high- 
voltage circuit breakers during the clearing 
of faults resulted in experimental investiga- 
tions of four types of circuit breakers to 
determine their performance when sub- 
jected to these conditions. The tests 
demonstrated the response of the breakers 
to both single- and double-frequency tran- 
sient recovery voltages having natural fre- 
quencies up to 200,000 cycles per second. 
They showed similarities in the perfor- 
mances of the different types of breakers and 
demonstrated that the difficulty of inter- 
ruption did not increase indefinitely with 
increasing natural frequency and that the 
maximum arcing time at a given voltage 
and current was obtainable in a high- 
power circuit-breaker testing laboratory. 


42-125—A New Single-Phase-to-Ground 
Fault-Detecting Relay; W. K. Sonnemann 
(A’38). 75 cents. In the application of 
differential relays, need has frequently 
arisen for a supervising relay that will de- 
tect the existence of a_ single-phase-to- 
ground fault condition to the exclusion of 
all others. Heretofore, the only scheme 
available has been to utilize a relay ener- 
gized by zero-sequence quantities. Gener- 
ally, the relay has been energized by a 
current transformer connected in the sta- 
tion ground. Such a relay, however, will 
also detect the existence of a two-phase-to- 
ground fault and only partially solves the 
problem. ‘The new relay described in this 
paper derives its operating force from the 
zero-sequence voltage at the bus, and is 
restrained by the negative-sequence volt- 
age at the bus. The addition of properly 
proportioned negative-sequence restraint 
provides the relay with a means of recog- 
nizing a single-phase-to-ground fault only. 
It is applicable on those systems where the 
zero-sequence impedance of the system 
exceeds the negative-sequence impedance 
by a reasonable margin. 


42-129—Relative Expense for Service 
Restoration With Different Types of 
Overcurrent Protection for Distribution 
Circuits; G. F. Lincks (A’37), C. R. Craig. 
30 cents. The expense for service restora- 
tion is of real importance in studying the 
relative value of different types of over- 
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current protection for distribution circuits. 
The effect of such protection on the con- 
tinuity of electric supply has been studied 
mathematically. Using the identical as- 
sumptions and calculations this study has 
been extended to show the effect of all 
different types of overcurrent protective 
equipment and combinations thereof on 
the man-hours and the automotive miles 
required to locate faults, to make necessary 
repairs, and to restore service (restoration 
expense). The study covers a range of 
temporary faults from 25 to 85 per cent of 
the total number of faults. This additional 
knowledge of the relative restoration ex- 
pense of distribution overcurrent protective 
equipment and its applications, combined 
with that made available previously on the 
relative benefits in service continuity, 
should be of value in economical system 
planning. 


42-130—Transient Recovery-Voltage 
Characteristics of Electric-Power Sys- 
tems; H. P. St. Clair (M’29), 7. A. 
Adams (A’24). 15 cents. While it has been 
known for some time that transient re- 
covery-voltage conditions affect the design 
and operation of circuit breakers, there has 
not been available a comprehensive picture 
of the severity of these conditions through- 
out the electric-power industry. This 
paper presents outstanding results and con- 
clusions from a recent survey carried out 
under the sponsorship of the committee on 
electric switching and switchgear of the 
Association of Edison Illuminating Com- 
panies and made available by permission 
of that organization and of the participat- 
ing electric-power companies to the AIEE 
committee on protective devices for such 
presentation. The results, showing tran- 
sient recovery-voltage conditions of greater 
severity and more widespread occurrence 
than previously suspected, are of consider- 
able interest to circuit-breaker users, and 
are of major importance to the circuit- 
breaker manufacturers in the development 
of new designs. 


42-13i—Practical Calculation of Circuit 
Transient Recovery Voltages; 7. A. 
Adams (A’24), W. F. Skeats (M °36), R. C. 
Van Sickle (M37), T. G. A. Sillers (A °26). 
30 cents. A practical method is offered for 
calculating the complete circuit recovery- 
voltage characteristic obtained across the 
contacts of a circuit-interrupting device 
immediately after it has opened a faulted 
circuit. It is applicable to the usual circuit- 
breaker location on an electric-power sys- 
tem, and is believed to be sufficiently accu- 
rate for most practical purposes. The 
power system is represented by a few major 
circuits using lumped capacitances and in- 
ductances for apparatus and connections. 
These circuits are then reduced to the three 
or four principal circuits having the great- 
est influence on the voltage recovery, and 
the voltage transient across the open 
breaker contacts is obtained by combining 
the voltages and frequencies associated 
with these circuits. An appendix gives 
capacitance data for apparatus involved in 
the calculations. 
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42-136—Protection for Pilot-Wire Cir-— 


cuits; E. L. Harder (M41), M. A. 
Bostwick (A ’42). 30 cents. The best 
way to protect a pilot-wire circuit is to 
use construction such that the circuit is 
inherently free from induced voltages and 
is adequately shielded from lightning. 
These requirements are most easily met by 
using a twisted pair of wires in a lead- 
covered cable that is not on the power-cir- 
cuit right of way. A circuit of this kind 
that is so insulated as to provide a good 
margin of safety from the maximum of dif- 
ference in ground potential needs no other 
protection. However, in many applica- 
tions these ideal conditions cannot be 
realized; hence some form of compromise 
must be made. The paper is written to 
guide those who must decide which com- 
promise best suits their local conditions. 
It contains a brief discussion of pilot-wire 
requirements for different types of relays. 
The effects of induction from the power cir- 
cuit, voltage stresses which result from dif- 
ferences in station ground potentials, and 
methods that can be employed to reduce 
these voltage stresses so as to insure correct 
operation of the associated relays are dis- 
cussed. 


Standards 
42-124—Motor Insulation, Heat, and 
Moisture; P. H. McAuley (A’36). 15 cents. 


Among the foes of insulation are heat and 
moisture. Motor insulation subjected to 
these influences suffers to a certain extent, 
the evaluation of which has been difficult. 
In accelerated temperature and moisture 
tests on sample motors, insulation resist- 
ances and dissipation factors have been 
studied in an attempt to obtain better in- 
sulation condition indicators. These meas- 
uring sticks appear to have more consist- 
ency and significance than they have been 
given credit for and deserve wider use with 
more attention to measurement technique 
and analytical methods, but a great deal 
more work will be necessary to permit 
effective interpretation for apparatus under 
service conditions. Based on limited data, 
motor insulation appears to be more vul- 
nerable to adverse moisture conditions than 
to moderately excessive temperatures, and 
available test methods are more useful in 
evaluating moisture effects on dielectric 
strength. ‘Tentative minimum values of 
insulation resistance at room temperature 
permissible for starting are suggested for 
small motors. 
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H. A. Wagner (A’98, M’03) president and 
chairman of the board of the Consolidated 
Gas, Electric Light, and Power Company 
of Baltimore (Md.) was recently re-elected 
chairman of the board, after resigning the 
presidency. He was born at Philadelphia, 
Pa., on February 24, 1867, and was 
graduated from Stevens Institute of Tech- 
nology in 1887 with the degree of me- 
chanical engineer. In that year he joined 
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the engineering department of the Westing- 
house Electric and Manufacturing Com- 
pany, East Pittsburgh, Pa., and in 1890 he 
became general superintendent of the Mis- 
souri Electric Light and Power Company, 
St. Louis, continuing with its successor, the 
Missouri Edison Electric Company. In 
1891 he established the Wagner Electric 
Manufacturing Company and became its 
first president. In 1899 he opened a con- 
sulting engineering office in St. Louis, Mo., 
and in 1900 he established a similar office 
in New York, N. Y., discontinuing his con- 
sulting practices in both cities in 1908 in 
order to become the director of the electric 
division of the Consolidated Gas, Electric 
Light, and Power Company of Baltimore. 
He served as vice-president and director 
from 1910 to 1915, when he was elected to 
the presidency. He is currently serving as 
a trustee of the Edison Electric Institute. 
R. L. Thomas (A’19, M’26) executive 
engineer of the company, has been elected 
a vice-president. He was born May 2, 
1887, at Marion, Ohio, and received the 
degrees of bachelor of arts in 1909 from 
Princeton University and bachelor of 
science in electrical engineering from 
Massachusetts Institute of Technology in 
1913. From 1913 to 1915 he was with 
Stone and Webster, Boston, Mass., and in 
1915 he joined the Pennsylvania Water and 
Power Company with headquarters in 
Baltimore, Md. After an interval of mili- 
tary service (1917-19), he returned to the 
Pennsylvania Water and Power Company 
as an efficiency engineer, in 1923 becoming 
assistant to the general superintendent. 
Later he held successively the offices of assist- 
ant general superintendent and general 
superintendent. In 1930 he joined the Safe 
Harbor Water Power Corporation as proj- 
ect engineer, continuing his work with the 
Pennsylvania Water and Power Company 
until 1938, when he became executive 
engineer for the Consolidated Gas, 
Electric Light, and Power company. He 
was made a director of that company in 
1939. He is alsoamember of The American 
Society of Mechanical Engineers and Tau 
Beta Pi. 


D. C. Luce (A’36, M’36) general superin- 
tendent of generation, electric generation 
department, Public Service Electric and 
Gas Company, Newark, N. J., has been ap- 
pointed general manager of the electric 
department. He joined the company in 
1924 as a cadet engineer and in 1927 was 
made an assistant engineer in the testing 
department of the company’s Marion 
generating station. In 1935 he was ap- 
pointed chief engineer at the Kearny sta- 
tion and the following year he was made 
general superintendent of electric genera- 
tion. W. F. Tait (A’27) assistant general 
superintendent. of distribution, has been 
made assistant general manager of the elec- 
tric department. He has been with the 
company since 1922. After two years as a 
cadet engineer, he became an engineer in 
the general office of the distribution depart- 
ment and in 1928 he became assistant dis- 
tribution engineer. He has been assistant 
general superintendent of distribution since 
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1938. W. R. LaMotte (M’36) assistant 
general superintendent of generation, has 
been appointed general superintendent of 
electric generation. He joined the com- 
pany in 1914 and was engaged in electrical 
construction work, south division, until 
1917. After an interval of naval service, he 
returned to the engineering department in 
1918. In 1921 he was appointed chief 
engineer of the company’s Perth Amboy 
power station. He became chief engineer 
of the Marion station in 1925 and the Essex 
Station in 1926, and was appointed assistant 


_ general superintendent of electric genera- 


tion in 1941. A. R. Nelson (A’?22, M?29) 


division superintendent of the Essex di- 
vision, has been appointed assistant general 
superintendent of electric distribution. He 
entered the production department of the 


_ company’s Marion power station in 1920 


as a cadet engineer and became assistant 
superintendent of electrical distribution at 
Camden, N. J.,in 1924. He became assist- 
ant to the division superintendent, southern 
division, Trenton, N. J., in 1927 and in 
1931 he was appointed assistant transmis- 
sion construction engineer. He was made 
assistant division superintendent of the 
Essex division in 1934 and became super- 
intendent of the division in 1940. 


David Levinger (M’30) works manager, 
Hawthorne Works, Western Electric Com- 
pany, Chicago, IIl., has been elected a 
vice-president of the company. He was 
born on August 27, 1887, at Delta, Idaho. 
He was employed as a steel inspector by 
the International Harvester Company, 
Chicago, Ill., from 1907 to 1910, when he 
joined the Western Electric Company as 
a mechanical engineer. In 1918 he was 
appointed engineer of mechanical methods, 
and in 1920 he was appointed assistant 
technical superintendent in charge of me- 
chanical, electrical, and chemical develop- 
ment at the company’s Hawthorne plant. 
He was assistant superintendent of develop- 
ment from 1922 to 1925, when he became 
superintendent of manufacturing develop- 
ment. In 1928 he was transferred to New 
York, N. Y. as engineer of manufacture 
and in 1931 he was elected a director of the 
company. He returned to the company’s 
Hawthorne plant in 1940 as works mana- 
ger. He is also a member of The American 
Society of Mechanical Engineers, the 
American Institute of Mining and Metal- 
lurgical Engineers, and the American As- 
sociation for the Advancement of Science. 
F. R. Lack (M’37) manager of the com- 
pany’s radio sales division has also been 
named a vice-president. He was born in 
Eastbourne, England, July 18, 1895, and 
was graduated from Harvard University 
with the degree of bachelor of science in 
1925. In 1920 he was sent to China by the 
Western Electric Company as engineer in 
charge of installing radiotelephone equip- 
ment between Peking and Tientsin, return- 
ing in 1922. After studying at Harvard 
University, he joined the technical staff of 
Bell Telephone Laboratories in 1925. In 
1935 he was placed in charge of vacuum- 
tube development and in 1937 he was ap- 
pointed director of vacuum-tube develop- 
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ment. He became manager of the specialty 
products division of the Western Electric 
Company in 1939 and was recently named 
manager of the company’s radio sales divi- 
sion. He is also a member of the Institute 
of Radio Engineers. 


H. C. Clemment (A’07, M’13) central- 
station department, General Electric Com- 
pany, New York, N. Y., has been appointed 
assistant to the district manager of the 
New York district. He has been with the 
company continuously since 1910, when 
he was employed as sales engineer in the 
New York district. In 1919 he was trans- 
ferred to the syndicate department and in 
1923 he joined the sales division of the 
central-station department. 


K. B. McEachron (A’14, F’37) research 
engineer, General Electric Company, Pitts- 
field, Mass., has been appointed a member 
of the Board of Registration of Professional 
Engineers and of Land Surveyors for the 
Commonwealth of Massachusetts, which 
was created by the legislature in October 
1941. He represents electrical engineering. 


A. A. Browne (A’38) former assistant 
manager of the central-station and trans- 
portation divisions of the Pacific Coast 
district of the Westinghouse Electric and 
Manufacturing Company, San Francisco, 
Calif., is now associated with the Moore 
Machinery Company, San Francisco, Calif. 


O. J. Braun (A’39) draftsman, Amalga- 
mated Electric Corporation, Ltd., Toronto, 
Ont., has been transferred to Vancouver, 
B. C., to join the staff of the Langley Electric 
Company which is associated with Amalga- 
mated Electric Corporation. 


C. M. Jansky, Jr. (M’32) recently ap- 
pointed chief of the Radio Section of the 
Communications Branch of the War 
Production Board, has been transferred to 
special duty with the Army Air Force. 


T. W. Hill (A’39) managing director, Hugh 
C. MacLean Publications, Ltd., Toronto, 
Ont., and editorial director of Electrical 
News, is on leave in New York, N. Y., with 
the British War Office. 


S. E. Schultz (A’25, M’41) chief engineer, 
Bonneville Power Administration, Portland, 
Ore., is on leave of absence, serving as a 
power supply consultant with the Power 
Branch of the War Production Board. 


C. C. Johnson (M’20) president, Ameri- 
can District Telegraph Company, New 
York, N. Y., has been nominated to serve 
as a vice-president of the National Fire 
Protection Association. 


OsBi lee UisAsk-Y 


Rudolf Emil Hellmund (A’05, M09, 
F’13) chief engineer, Westinghouse Elec- 
tric and Manufacturing Company, East 
Pittsburgh, Pa., died at New York, N. Y., 
on May 16, 1942. Born at Gotha, Ger- 
many, on February 2, 1879, he received 
the degree of electrical engineer from the 
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Technical College of Ilmenau, Germany, 
in 1899. He also did postgraduate work 
at the University of Charlottenburg, 
Germany, in 1901-02. In 1899 he joined 
the Sachsische Elektrizitatswerke, Poesch- 
mann, Germany, to work on the design 
of electrical machinery. He entered the 
laboratory of the Land-und-See Kabel- 
werke, Cologne, Germany, in 1900, and in 
1901 joined the Maschinenfabrik Eplingen, 
Stuttgart, Germany, as head of testing 
work. In 1903 he came to the United 
States, and became a United States citizen 
in 1920. In 1903 he joined the Krantz 
Company, Brooklyn, N. Y., as a designer, 
after which he was for a short time con- 
sulting engineer with the Hellmund and 
Colbohn Electric Company, New York, 
N. Y., before becoming a designer for the 
William Stanley Company, Great Bar- 
rington, Mass. In 1905 he became de- 
signer for the Western Electric Company, 
Hawthorne, Ill., and in 1907 joined the 
Westinghouse Electric and Manufacturing 
Company. From 1907 to 1909 he was 
engaged in the design of induction motors, 
from 1909 to 1911 in general engineering, 
and from 1911 to 1917 he was in charge of 
the design of all a-c and d-c railway motors. 
He carried on consulting and development 
work from 1918 to 1921, was made engi- 
neering supervisor of development in 1922, 
chief electrical engineer in 1926, and chief 
engineer in 1933. He held a number of 
patents on electrical devices and in 1929 
was awarded the Lamme Medal for his 
contributions to the design and develop- 
ment of rotating machinery. Since 1939 
he had been a director of the Institute. He 
had served as a member of the committee 
on planning and co-ordination and was 
Institute representative or alternate on the 
electrical standards committee and the 
standards council of the American Stand- 
ards Association. He was serving currently 
also on the AIEE standards (chairman 
1938-40), executive, Lamme Medal (chair- 
man 1941), and Edison Medal committees, 
as well as the committee on applications of 
electricity to therapeutics. He was also a 
member of the United States National 
Committee of the International Electro- 
technical Commission. 


Clayton Halsey Sharp (A’02, M’12, F’12) 
consulting engineer, White Plains, N. Y., 
died on May 14, 1942. He was born at 
Seneca Falls, N. Y., on December 5, 
1869, and received the degrees of bachelor 
of arts from Hamilton College in 1890, 
doctor of philosophy in 1895 from Cornell 
University, and an honorary degree of 
doctor of science from Hamilton College 
in 1941. He was an assistant and instruc- 
tor in physics at Cornell University, Ithaca, 
N. Y., from 1894 to 1901, when he became 
test officer of the Electrical Testing Labora- 
tories, New York, N. Y. In 1914 he be- 
came vice-president and technical director, 
which positions he held until his retire- 
ment in 1933. He had been a member of a 
number of Institute committees. He served 
the United States National Committee of 
the International Electrotechnical Commis- 
sion, as a delegate at a number of inter- 
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national conventions, as secretary, 1921-23, 
and as president from 1924 to 1940, when 
he became honorary president. He was 
also president of the United States National 
Committee of the International Commission 
on Illumination (1914-28), was a past 
president of the Illuminating Engineering 
Society, and a member of the American 
Physical Society, American Association for 
the Advancement of Science, and the 
Société Francaise des Electriciens. He was 
also a member of Sigma Xi and Phi Beta 
Kappa and was the inventor of several 
instruments for electrical and photometric 
measurement and the author of many 
technical papers. 


Herbert Edward Shreeve (A’06, M’21, 
¥F°30) retired technical representative in 
Europe for the American Telephone and 
Telegraph Company and Bell Telephone 
Laboratories, both of New York, N. Y., 
died on April 24, 1942. He was born at 
Cambridge, England, on August 1, 1873, 
and was graduated from Finsbury Tech- 
nical Institute, London, in 1894. From 
1889 to 1895 he was employed as an ap- 
prentice at the Telegraph Works, Silver- 
town, London, and after coming to the 
United States, he was employed in 1895 
as a telephone engineer with the American 
Telephone and Telegraph Company, Bos- 
ton, Mass. He was in the engineering 
department of the Western Electric Com- 
pany from 1907 to 1917, working on the 
development of a transatlantic radiotele- 
phone and telephone repeaters. After an 
interval of military service with the Signal 
Corps, he returned to the Western Electric 
Company in 1919 as staff engineer, and 
in 1923 he was appointed assistant to the 
vice-president of the company. In 1925 he 
became assistant to the president, Bell 
Telephone Laboratories, and from 1926 
until his retirement in 1935 he was tech- 
nical European representative for both the 
American Telephone and Telegraph Com- 
pany and Bell Telephone Laboratories. 
He held a number of patents on telephone 
repeaters and transmission devices and was 
honored by the National Association of 
Manufacturers in 1940 as a ‘‘modern 
pioneer.”’ 


William David Wood (A’31) general plant 
supervisor, Southern Bell Telephone and 
Telegraph Company, Atlanta, Ga., died 
March 22, 1942. He was born at Suffolk, 
Va., September 29, 1885. In 1902 he 
joined the Southern Bell Telephone com- 
pany in Suffolk, Va., and had been with 
the company continuously since that time 
except for a period (1914-18) when he was 
assistant field engineer with the engineering 
branch, division of valuation, Interstate 
‘Commerce Commission. In 1905 he went 
to Norfolk, Va., as an installer; the follow- 
ing year he was with the Bell Company of 
Pennsylvania, and shortly thereafter he 
went to Birmingham, Ala., as central office 
man. In 1910 he was made plant foreman 
at Tuscaloosa, Ala., and in 1911 he was 
transferred to Anniston, Ala., where he 
later became plant chief. He was with the 
engineering branch of the Southern Bell 
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company, Atlanta, Ga., from 1918 to 1920, 
when he was appointed toll-lines engineer 
for Louisiana and Mississippi. In 1923 
he became division engineer for Mississippi 
and Tennessee and in 1926 he became plant 
superintendent for Mississippi, Louisiana, 
and Kentucky, with headquarters at 
Jackson, Miss. In 1927 he took a similar 
position at the company’s New Orleans 
plant and in 1930 he was made Kentucky 
plant superintendent with headquarters 
at Louisville. He was appointed general 
plant supervisor in 1935. 


Ernest Maurice Siegel (M’42) assistant 
professor of electrical engineering at the 
University of Texas, Austin, died April 10, 
1942. He was born at Svitavy, Moravia, 
on January 25, 1886, and received the de- 
grees of master of science in engineering, 
and doctor of philosophy in electrical engi- 
neering in 1911 from the Technical Uni- 
versity of Brno. From 1910 to 1920 he was 
an assistant professor at the Technical 
University of Brno, Czechoslovakia, and in 
1920 became a professor at the Technical 
University of Prague, Czechoslovakia. In 
addition to teaching, he maintained a con- 
sulting practice and was a member of the 
state council for the electrification of 
Czechoslovakia from 1934 to 1939. He 
had also served as president of the mu- 
nicipal hydroelectric plant at Kadan, Bo- 
hemia. In 1939 he came to the United 
States as an instructor at the University of 
Texas and in 1941 became an assistant 
professor there. He was the author of a 
number of technical articles on power 
generation and transmission and radio re- 
ceiving and transmitting equipment. He 
was also a member of Sigma Xi. 


Harold Frederick Rice (A’21, M’32) as- 
sociate professor of electrical engineering, 
University of North Dakota, Grand Forks, 
died March 24, 1942. He was born at 
Osceola, Iowa, on September 13, 1898, and 
received the degrees of bachelor of science 
in electrical engineering in 1920 and elec- 
trical engineer in 1927 from the University 
of Colorado. He entered the testing depart- 
ment of the General Electric Company in 
1920 and in 1922 joined the a-c engineering 
department. From 1923 to 1928 he was 
employed as distribution engineer in the 
electrical engineering department of the 
Public Service Company of Colorado. In 
1928 he went to the University of North 
Dakota as an instructor of electrical engi- 
neering, in 1929 he was appointed assistant 
professor of electrical engineering, and 
during 1929-30 he served as acting head of 
the electrical engineering department. He 
was AIEE Student Branch counselor at the 
University of North Dakota. He was also 
a member of the Society for the Promotion 
of Engineering Education, Tau Beta Pi, 
and Sigma Tau. 


Otho Clarence Roff (A’07) sales engineer, 
central-station department, General Elec- 
tric Company, Philadelphia, Pa., died on 
March 25, 1942. He was born March 10, 
1883, at Pulteney, N. Y. In 1901 he 
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entered the meter department of the Gen- 
eral Electric Company, Schenectady, N. Y., 
and after a year at the Bliss Electrical 
School, from which he was graduated in 
1903, he returned to the General Electric 
Company to work on experimental testing. 
During 1905-06 he was employed in the 
testing department and from 1907 to 1915 
he was in the power and mining engineering 
department working on generator voltage 
regulators. In 1915 he was transferred to 
the company’s Philadelphia plant as sales 
engineer. 


Richard Herman Lang (A’21, M’27) 
superintendent of power-transmission sta- 
tions, Consolidated Gas, Electric Light, and 
Power Company of Baltimore (Md.) died 
on April 4, 1942. He was born at Pitts- 
burgh, Pa., on January 21, 1884. He 
joined the Chloride of Silver Dry Cell Bat- 
tery Company in 1898 and in 1900 he was 
employed as an operator by the Con- 
solidated Gas, Electric Light, and Power 
company at the Monument Street steam- 
generating station. From 1904 to 1906 he 
was operator at the McClellan Street d-c 
substation and from 1906 to 1909 he was 
operator at the Westport generating sta- 
tion. He was appointed chief operator in 
charge of electric stations in 1909. 


Houston Alfred Dodson (A’37) former 
testing engineer, Remington Arms Com- 
pany, Kansas City, Mo., died on January 
23, 1942. He was born at Cordell, Okla., 
on August 13, 1913, and received the de- 
gree of bachelor of science in 1936 from 
Oklahoma Agricultural and echanical 
College. He joined the Southwestern 
Light and Power Company, Lawton, Okla., 
in 1936 as a calculating-board operator. 
He was later transferred to substation 
maintenance work and in 1937 was made 
aforeman. He was superintendent of elec- 
tric meters from 1940 to 1941, when he 
joined the Remington Arms Company as 
plantelectrical maintenance superintendent. 


Morris S. Towson (A’08) president and 
general manager, Elwell-Parker Electric 
Company, Cleveland, Ohio, died on March 
17, 1942. He was born at Cleveland, 
Ohio, in 1865 and received the degrees of 
bachelor of science and civil engineer from 
the Case School of Applied Science in 
1886. From 1886 to 1896 he worked as a 
designing and construction engineer on 
electric and cable railways and in 1896 he 
joined the Elwell-Parker Electric Company 
as electrical engineer, later becoming shop 
superintendent. He became general man- 
ager of the company in 1907 and later was 
elected to the presidency. 


James Albert Cranston (A’08) retired com- 
mercial vice-president of the General Elec- 
tric Company, San Francisco, Calif., died 
on April 15, 1942. He was born on April 
7, 1862, at Bayfield, Ont., Canada. In 
1889 he was employed by the Thomson- 
Houston Company, St. Paul, Minn., and 
when that company became a part of the 
General Electric Company in 1892, he be- 
came manager of the northwest territory 
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wil h headquarters in Portland, Oreg. In 
1923 he was transferred to San Francisco 
as manager of the company’s Pacific Coast 
district and in the same year he was elected 
a commercial vice-president. 


Howard D. Clark (A’32) cadet engineer, 

Connecticut Light and Power Company, 
New Britain, died January 21, 1942. He 
was born April 15, 1903, at Yonkers, N. ae 
and attended Rensselaer Polytechnic Insti- 
tute. In 1926 he joined the Connecticut 
Light and Power Company as a meter 
tester and in 1927 he was made assistant 
operator of the company’s Black Rock sub- 
station. Later in that year he was ap- 
pointed cadet engineer. 
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Recommended for Transfer 


The board of examiners, at its meeting on May 2 
1942, recommended the followin: a for on 
fer to the grade of membership indicated. Any ob- 
jections to these transfers should be filed at once with 
the national secretary. 


To Grade of Fellow 


Bolton, F. C., dean of college, Texas A. and M. Col- 
lege, College Station, Texas. 

Buttolph, L. J., spree engineer, General Electric 
Company, Cleveland, Ohio. 

Harwood, P. B., manager of engineering, Cutler-Ham- 
mer, Inc., Milwaukee, Wis. 

Lebenbaum, Paul, electrical engineer, Southern Paci- 
fic Company, San Francisco, if. 

Richter, Walther, 
Milwaukee, Wis. 

Silsbee, F. B., physicist, National Bureau of Standards, 
Washington, D. C. 


6 to grade of Fellow 


consulting electrical engineer, 


To Grade of Member 


Clark, L. W., engineer, Detroit Edison Company, 
Detroit, Mich. 

Clothier, G. W., sales engineer, Allis-Chalmers Manu- 
facturing Company, Milwaukee, Wis. 
Cohn, Nathan, district manager, technical sales, 
Leeds and Northrup Company, Chicago, IIl. 
Cotner, W. W.., assistant professor of electrical engi- 
neering, Cornell University, Ithaca, N. Y. 
Davidson, L. A., relay engineer, Oklahoma Gas and 
Electric Company, Oklahoma City, Okla. 
Dimity, C. D., electrical engineer, Phelps Dodge Cop- 
per Products Corporation, Chicago, IIl. 

Glasgow, R. S., professor of electrical engineering, 

ashington University, St. Louis, Mo. 

Trish, C. V., electrical engineer, Electric Boat Com- 
pany, Bayonne, N. J. 

Lank, W. J., system planning engineer, Potomac Elec- 
tric Power Company, Washington, D. C. 

Lytle, C. M., assistant superintendent, Kansas City 
Power and Light Company, Kansas City, Mo. 

McDonald, J. W., electrical design engineer, Common- 
wealth and Southern Corporation, Jackson, Mich. 

Mosley, C. E., electrical engineer, W. N. Matthews 
Corporation, St. Louis, Mo. 

Oldacre, M. S., equipment and research engineer, 
Commonwealth Edison Company, Chicago, II. 

Rogers, J. H., electrical engineer, Eastman Kodak 
Company, Rochester, N. Y. 
Stevens, A. M., radio engineer, International Tele- 
phone and Telegraph Company, New York. 
Trotter, J. M., engineer, Commonwealth and Southern 
Corporation, Jackson, Mich. 

Vincent, H. L., assistant manager, Westinghouse Elec- 
tric Supply Company, Spokane, Wash. 

Waits, C. E., engineer, Commonwealth and Southern 
Corporation, Jackson, Mich. 

Wilhelm, G. R., general plant engineer, Chesapeake 
and Potomac Telephone Company, Washington, 
D. C. 


19 to grade of Member 


Applications for Election 


Applications have been received at headquarters 
from the following candidates for election to mem- 
bership in the Institute. Names of applicants in the 
United States and Canada are arranged by geo- 
graphical District. If the applicant has applied for 
direct admission to a grade higher than Associate, the 
grade follows immediately after the name. Any mem- 
ber objecting to the election of any of these candidates 
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should so inform the national secretary before 
30, 1942, or August 31, 1942, if the peolcant a 
outside of the United States or Canada, 


United States and Canada 


1. Norrn Eastern 
BAP . E., Eastman Kodak Company, Rochester, 
alleen, T. D., General Electric Company, Pittsfield, 


ass, 
ones oye Western Electric Company, Water- 


Cookson, L. B., Submarine Signal Company, Boston, 


ass. 

ages E., J-B-T Instruments Inc., New Haven, 

onn,. 

Herrick, H, E. (Member), American Woolen Com- 
_pany, Providence, R. I. 

Holihan, T. D. (Member), 500 Bryant Avenue, 
Syracuse, N. Y. 

Joyal, J., General Electric Company, Pittsfield, 


ass. 

O'Leary, D. F. (Associate re-election), Boston Edison 
Company, Boston, Mass. 

Suuronen, E., General Electric Company, Bridgeport, 


nn, 

yore Behe General Electric Company, Schenec- 
_ tady, N. Y. 

Sloe i, General Electric Company, Schenectady, 


Worcester, W. G., General Electric Company, Sche- 
nectady, N. Y. 


2. Muppie Eastern 


Angello, S. J., Westinghouse Research Laboratories, 
East Pittsburgh, Penna. 

Bacheler, A. T., Westinghouse Electric and Manu- 
facturing Company, E. Pittsburgh, Pa. 

Bania, S. E., War Department, Signal Corps, Phila- 
delphia, Pa. 

Brauch, H. N. (Associate re-election), Westinghouse 
Electric and Manufacturing Company, Sharon, 


‘a. 

Brewer, G. E., Westinghouse Electric and Manufac- 
turing Company, Sharon, Pa. 

Brown, J. D., General Electric Company, Erie, Pa. 

Christensen, M. M., Westinghouse Electric and Manu- 
facturing Company, East Pittsburgh, Pa. 

Cramer, H. J. A., Industrial Rayon Company, 
Cleveland, Ohio. 

Cunningham, G. T., Bethlehem Steel Company, 
Baltimore, Md. 

Cunningham, R. C., Westinghouse Electric and Manu- 
facturing Company, East Pittsburgh, Pa. 

scalar oe J., Army Air Corps, Wright Field, Dayton, 

io. 

Deffenbaugh, J. F., The Ohio Public Service Company, 
Sandusky, Ohio. 

Flynn, M. E., Jr., Robbins and Myers, Inc., Spring- 
field, Ohio. 

Fredrickson, E. H., I-T-E Circuit Breaker Company, 
Philadelphia, Pa. 

Howell, E. H. (Associate re-election), General Elec- 
tric Company, Toledo, Ohio. 

Murphy, H. S. (Member), Philadelphia Transporta- 
tion Company, Philadelphia, Pa. 

Pullen, C. C., Bethlehem Steel Company, Bethlehem, 


Pa. 

Pullen, K. A., Jr., Johns Hopkins University, Balti- 
more, Md. 

Sproul, W. W., Jr., Westinghouse Electric and Manu- 
facturing Company, Sharon, Pa. 

Stanton, C. C., United States Army Signal Corps, 
Fort Hayes, Columbus, Ohio. 

Stark, C. H., Stark Electric Company, Baltimore, Md. 

Swanker, W. C., Ohio Bell Telephone Company, 
Cleveland, Ohio. 

Taylor, C. O., Cincinnati Gas and Electric Company, 
Cincinnati, Ohio. 

Trouant, V. E., RCA Manufacturing Company, Inc., 
Camden, N. J. 

Wolfe, R. W., General Electric Company, Phila- 
delphia, Pa. 


3. New York City 


Bokum, W. H. (Associate re-election), George S. 
Armstrong and Company, Inc., New York, N. Y. 

Charton, S., Signal Corps, Fort Monmouth, Red 
Bank, N. J. 

Creedon, H. T., New York Telephone Company, 
New York, N. Y. 

Eagan, J. F., Jr., Chemical Construction Corpora- 
tion, New York, N. Y. 

Fairweather, B. A., Bell Telephone Laboratories, Inc., 
New York, N. Y. 

Hunsicker, J. P., U. S. Electrical Motors, Inc., New 

ork, N. Y. ’ 

Jutson, R. P. (Member), Bell Telephone Laboratories, 
Inc., New York, N. Y. 

Kalantar, H. H. (Member re-election), J. G. White 
Engineering Corporation, New York, N. Y. 

Lauraitis, A. J., Fire Department, New York, N. ng 

McCutchan, J. F., New York Telephone Company, 
Brooklyn, N. Y. 

Meagher, R. H., Control Instrument Company, Inc., 
Brooklyn, N. Y. : 

Osiatinsky, L. (Member), International General Elec- 
tric Company, Inc., New York, N. Y. 

Peragallo, J. T., Western Electric Company, Kearny, 
NEA 
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Potter, J. E. (Member), John E. Protte CG 
New York, N. Y. ee ie a 
Randazzo, P. M., United States Signal Corps, 
Governors Island, N. Y. 


Scheick, E. H., Ford, Bacon and Davis, Incorporated, 
New York, N. Y. 


Schjelderup, J. R., Western Electric Company, 


Kerny, N. J. 

Underhill, E. A., Western Electric Company, Inc., 
Kearny, N. 

Wilhelm, F’. A,, Western Union Telegraph Company, 


New York, N. Y, 


4. SouTHern 
Hynes, R. R., Ashland Oil and Refining Company, 


Ashland, Ky. 
Janets S. J., Aluminum Company of America, Alcoa, 
enn, 


Martin, A. S., Corps of Engineers, United States 
Army, Jacksonville, Fla. 

McClinton, A. T., Virginia Polytechnic Institute, 
Blacksburg, Va. 

Naiman, R. D., Tennessee Valle 
Loudoun Dam, Lenoir 

Parham, W. L., A 
Alcoa, Tenn. 

Polk, W. BE. (Member), Southwest Louisiana Trade 
School, Lake Charles, La. 

Purinton, I. H., New Orleans Public Service, Inc., 
New Orleans, La. 

Taylor, D. P., Woodard Wright and Company, Ltd., 
New Orleans, La. 


Authority, Fort 
: City, Tenn. 
luminum Company of America, 


5. Great Lakes 


Clyde, J. P. (Associate re-election), Public Service 

Com pt’ Northern Illinois, Maywood, Ill. 

Enochs, 7: ., General Electric Company, Fort 
Wayne, Ind. 

Gardner, G. N., United States Rubber Company, 
Mishawaka, Ind. 

Howard, A. W. (Member), General Electric Company, 
Ft. Wayne, Ind. 

Sete H. E., General Electric Company, Chicago, 


Morgan, A. L., Commonwealth and Southern Cor- 
poration, Jackson, Mich. 

Peary, D. R. (Member), Chicago Bridge and Iron 
Company, Chicago, III. 

Raftree, L. K., The Adams and Westlake Co., Chicago, 
Ill. 


Raymer, D. R., Commonwealth and Southern Cor- 
poration, Jackson, Mich. 

Stratton, D. R. (Member), Commonwealth and 
Southern Corporation, Jackson, Mich. 

Zurawski, S. W., 8247 Forestlawn, Detroit, Mich. 


7. Sour West 


Anderson, O. K., Camp Swift, Bastrop, Texas. 

Boyer, O. A. (Member), Oklahoma Power and Water 
Company, Sand Springs, Okla. 

Douglas, C., Camp Swift, Bastrop, Texas. 

Jenkins, O. T., Santa Fe Bldg., Dallas, Texas. 

LeVee, C. H. (Member), Ford, Bacon and Davis, Inc., 
Little Rock, Ark. 

Pevoto, I. S., Gulf States Utilities Company, Baumont, 
Texas. 

Robertson, G. E., Gilbert and Elgin Robertson, Sales 
Engineers, Dallas, Texas. 

Shackelford, C. L., University of Missouri, Columbia, 

oO. 


8. Paciric 

Anderson, F. W., United States Naval Reserve, San 
Francisco, Calif. 

Chase, L. R., United States Bureau of Mines, Boulder 
City, Nevada. 

Farrar, H. K., Southern California Telephone Com- 
pany, Los Angeles, Calif. 

Galles, B. P., Holmes and Narver, Santa Ana, Calif. 

Hesse, J. F. (Member), Imperial Irrigation District, 
Imperial, Calif. 4 

Triay, O. G., Consolidated Steel Corporation, Wil- 
mington, Calif. 


9. Norra West 

Hansen, D. S., Morrison-Knudsen Company, Inc., 
Pocatello, Idaho. 

Hoopes, D. R., Westinghouse Electric and Manu- 
facturing Company, Salt Lake City, Utah. 

Howe, G. D. (Associate re-election), The Pacific Tele- 

hone and Telegraph Company, Seattle, Wash. 

Monk. GC. E. (Member), Lippincott, Bowen, and Rowe, 

Salt Lake City, Utah. 


10. CANADA 
Collins, K., Eagle River Power Station, Eagle River, 


nt. 

Dawson, G. H. (Member re-election), Ottawa Group 
of Architects, Ottawa, Ont. : f 
Murray, J. D., Electrical News and Engineering, 

Toronto, Ont. 


Total, United States and Canada, 98 


Elsewhere 

Conangla, A., University of Havana, Havana, Cuba. 

Krancus, A. F., U. S. Army, Honolulu, T. H. 

Ramanna, B., 1792, Padmalaya, Malleswaram Post, 
Sampige Road, Bangalore, India. 


Total, elsewhere, 3 


Sey! 


OF CURRENT INTEREST 


Policies and Procedures of 


War Manpower Commission 


Finding some 20,000,000 workers and 
placing them in war production jobs is the 
huge task faced by the recently appointed 
War Manpower Commission of which Paul 
V. McNutt, Federal Security Administra- 
tor, has been appointed chairman. Other 
members of the commission and the agen- 
cies they represent are: 


Goldthwaite H. Dorr, War Department. 

James V. Forrestal, Navy Department. 

Claude R. Wickard, Agriculture Department. 

Frances Perkins, Labor Department. 

Donald M. Nelson, War Production Board. 

Wendell Lund, labor production division, War Pro- 
duction Board, 

Lewis B. Hershey, Selective Service System. 

Arthur S. Flemming, Civil Service Commission. 


In addition, Chairman McNutt recently 
announced the appointment of two ranking 
officers of the commission, Fowler V. Har- 
per, deputy chairman; and Arthur J. Alt- 
meyer, executive officer. 

From announcements made when the 
commission was appointed and _ subse- 
quently, the basic policies and procedures 
of the commission in fulfilling its duties are 
beginning to take shape. Upon his appoint- 
ment, Chairman McNutt issued a statement 
in which he said, in part: 

“Through this commission, all the agen- 
cies of the Federal Government, working 
closely with representatives of labor and in- 
dustry, will be able to develop and main- 
tain co-ordinated labor-supply policies and 
programs on a voluntary and democratic 
basis. At the present time I can see no 
need for the building up of a large adminis- 
trative staff to do this work. I believe that 
we can carry on most of the functions 
through the existing agencies. 

“The Commission has been charged by 
the President with the formulation of plans 
and .programs and the establishment of 
basic national policies to assure the most ef- 
fective mobilization and maximum utiliza- 
tion of the nation’s man power in the prose- 
cution of the war, and the issuance of such 
policy and operating directives as may be 
necessary. 

“Its other functions will include: ‘esti- 
mating the requirements of man power for 
industry, reviewing all other estimates of 
needs for military, agricultural and civilian 
man power, and directing the several de- 
partments and agencies of the Federal 
Government as to the proper allocation of 
available man power.’ 

“It will determine basic policies for the 
collection and compilation of labor market 
data by Federal departments and agencies, 
and it will establish policies and prescribe 
regulations governing all Federal programs 
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relating to the recruitment, vocational 
training, and placement of workers to meet 
the needs of industry and agriculture. 

“Tt will also prescribe basic policies 
governing the filling of the Federal Govern- 
ment’s requirements for man power, ex- 
cluding those of the military and naval 
forces, and issue such operating directives as 
may be necessary. 

“Finally, it is charged with formulating 
legislative programs designed to facilitate 
the most effective mobilization and utiliza- 
tion of the man power of the country... . 

“TJ want to emphasize that in my opinion 
the primary reason for my designation as 
chairman of this commission is that many 
of the activities with which the commission 
will be concerned are already operating 
within the Federal Security Agency. These 
include the United States Employment Serv- 
ice, with its basic responsibility for recruit- 
ing labor, and the wartime training pro- 
grams carried out through the United States 
Office of Education, the Civilian Conserva- 
tion Corps and the National Youth Admin- 
istratloneeswse 

““These are among the steps the com- 
mission will have to consider: 

“1. We shall have to decide where our 
available labor supply is most urgently 
needed. 


‘“(a) We shall have to make a careful determination 
of the man power and woman power required by the 
armed forces, by war industry, by agriculture, by 
transportation, and by civilian production. 


“*(b) We shall have to obtain the necessary informa- 
tion concerning occupational skills possessed by each 
man and woman to make sure that all of us are serving 
where we are most urgently needed. These data are 
now being obtained from Selective Service registrants 
through an occupational questionnaire. 


**(¢) Arrangements will have to be made for supply- 
ing labor to various war industrial plants in accord- 
ance with the urgency of the need for the products 
each plant turns out. 


‘2. In order to obtain the most effective 
use of our limited supply of skilled workers 
we must make sure that: 


“‘(a) Employers use their skilled workers only at jobs 
where such skills are required. 

(6) Skilled workers are hired through an orderly 
process guaranteeing that factories engaged in the 
most urgent war production receive first call on the 
available supply. 


“‘(c) Man power is allocated between the armed 
forces and industry in such a way as to provide for 
most effective utilization of men whose skills are 
essential to the war production. 


“3. In order to make full use of presently 
unemployed workers we must make sure 
that: 


“‘(a) War contracts are placed in areas in which 
there are now large numbers of unemployed and that 
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further concentration of war production is avoided 
in areas of labor shortage. 


“(b) Effective measures are enforced to insure full 
utilization of local labor. 


“4. In order to mobilize the full man 
power and woman power of the country to 
meet the prospective needs of the war pro- 
gram we must: 


“(q) Utilize women in industries where they are best 
fitted to serve, and under proper working conditions. 


“(b) Utilize on a full-time basis in war industry 
workers who are now partially employed. 


“(c) Expand our program of industrial training as 
fully as possible. 


“(d) Tap all available labor supplies, such as the 
millions of negroes and loyal foreign-born workers 
not now in war production. 


“Most of the 13,000,000 war production 
workers who will be placed in jobs during 
the next year will come from those who are 
now employed in nonwar industries. . . . 
Other workers will be drawn from the un- 
employed. We shall also need at least sev- 
eral million new recruits—women, young 
people, self-employed persons, and retired 
workers.” 

Although detailed procedures still remain 
to be formulated, it is reported that labor 
will not be conscripted, but that there will 
be rationing of labor on a voluntary basis. 
This will be carried out through Federal 
employment offices which will handle the 
hiring of workers for all war industries. 
These offices will have the individual occu- 
pation records of every man from 20 to 65 
years old. Efforts will be made to employ 
workers in their own communities and to 
keep to a minimum the migration of work- 
ers from one community to another. 

There appears to be a definite movement 
in the direction of a “‘work or fight”’ policy 
on the part of the Selective Service System. 
Men under 45 years of age with dependents 
are becoming increasingly likely to be called 
into service when engaged in nonessential 
occupations. It is expected that men in 
that classification will be urged to seek em- 
ployment in essential industries. 

Employment of women in industry is ex- 
pected to increase greatly in the future, but 
industry is not ready for any mass employ- 
ment of female help at the present time. 
However, Chairman McNutt in a recent 
statement said that women “‘will be trained 
and employed in war and essential civilian 
industries at an increasing rate during the 
next two years.” 

The induction of women will be along 
voluntary lines, utilizing first the women 
with industrial experience, and training 
women who are available for such work, 
Mr. McNutt said. No early necessity of a 
nation-wide registration of all women is 
foreseen, he added, pointing out that the 
United States Employment Service has 
1,500,000 women registered already who 
are looking for jobs. Many of these are 
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qualified for war-industry employment. He 
predicted that a million or more additional 
women will be employed in war industries 
this year, and that 1943’s expansion of war 
production will bring women into war jobs 
rapidly to a probable total of 4,000,000 out 
of an expected total of 20,000,000 or more 
war workers. : 


Engineer’s Job in War Production 
Theme of “‘All-Engineers” Dinner 


A plea from Lieutenant General Brehon 
B. Somervell, commander of the Army’s 
services of supply, for engineering assistance 
in attacking “our greatest bottleneck,” 
transportation; and a plea from Chairman 
William L. Batt of the War Production 
Board’s requirements committee for the 
salvage and saving of strategic materials 
were voiced in Washington, D. C., before 
an audience of engineers Monday evening, 
May 18, 1942. The occasion was an “all- 
engineers’’ dinner, jointly sponsored by the 
Washington, D. C., units of 16 engineering 
societies, which brought a crowd of more 
than 1,200 engineers and their guests to 
overflow the ballroom at the Mayflower 
Hotel. James W. Parker, president of The 
American Society of Mechanical Engineers, 
officiated as  toastmaster. Scheduled 
speakers included William L. Batt, Lieu- 
tenant General Brehon Somervell, and 
Donald M. Nelson, chairman of the War 
Production Board. Mr. Nelson was un- 
able to be present. 


TRANSPORTATION BOTTLENECK 


General Somervell placed the nation’s 
war transportation problems on such an 
important and critical level that he stated 
with considerable feeling that the person 
who could solve these problems would be 
“fas great a national hero as the general who 
wins battles on the field.”” He said further, 
in part, “‘I especially commend to the at- 
tention of those of you in transportation the 
unhappy fact that transport afloat and 
ashore is our greatest bottleneck. Our 
tank factories and our plane factories are 
turning out machines in numbers that 
would astound and dismay the dictators. 
Our task is to get them where they are 
needed by the shortest route in the shortest 
possible time.” 

As for the engineer’s job in war produc- 
tion, General Somervell called upon his 
audience to look for every opportunity to 
present their individual constructive ideas 
promptly to whatever transportation 
agency such ideas would serve best, “be it 
railroad, building construction, steamship, 
or tank arsenal.” . 


THE MATERIALS QUESTION 


Mr. Batt told his audience that he was 
“convinced that there is enough material 
in this country to win the war,” but he 
stated that he also was ‘“‘convinced that 
this material must be husbanded carefully 
by intelligent people so that not a pound is 
wasted.” 

“The importance today of scrap can 
hardly be exaggerated,” emphasized Mr. 
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Mercury Rectifiers Speed Metals Production 


} 
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Increased needs in war production for aluminum and magnesium, which are pro- 
duced by electrochemical processes requiring direct current, have caused increased 


production of mercury-arc rectifiers. 


Here Doctor Joseph Slepian (F’27) associate 


director of research, Westinghouse Electric and Manufacturing Company, East Pitts- 

burgh, Pa.,is shown (left) with W. E. Pakala (A’38) Westinghouse engineer, inspecting 

the vacuum gauge of an ignitron rectifier, Westinghouse product of which Doctor 
Slepian is coinventor 


Batt, as he called upon engineers to give as- 
sistance in the conservation of war materials 
through the development of what he called 
“the mines above the ground’’—by saving 
waste material and by better utilization of 
all strategic materials. He called attention 
also to the important part that “better 
technique and better ingenuity” can play 
in the conservation of steel, alloys, and other 
critical materials. 

Efforts are being made to procure manu- 
script copies of these addresses so that they 
can be reported upon more extensively in 
a later issue of Electrical Engineering. 


Wartime Safety Organization Formed. 
Stating that it is a step forward in over- 
coming the enormous and growing waste 
of man power through industrial accidents, 
Donald M. Nelson, WPB chairman, has 
expressed approval of a nation-wide safety 
movement which aims to control serious 
interruptions in war production caused by 
accidents. The movement, launched by 
businessmen and industrialists, is being 
sponsored by a new organization called the 
War Production Fund to Conserve Man 
Power, of which W. A. Irvin, former presi- 
dent of the United States Steel Corpora- 
tion, New York, N. Y., has been appointed 
chairman. 
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Industrial Consultants Provided 
for Armed Services 


To speed the program of converting ad- 
ditional industrial facilities to war produc- 
tion, the services of industrial consultants. 
in the bureau of industry branches of the 
War Production Board are being made 
available to the Army, Navy, and Maritime 
Commission, a recent announcement by 
WPB Chief Donald M. Nelson states. 
Executives with production and engineering 
experience and direct personal knowledge 
of their industries have been brought into 
the government service, usually on a tem- 
porary basis. ‘Their chief function is to 
furnish information to government procure- 
ment officers about the types of war work 
each industry can handle, either in prime 
contracts or in subcontracts. They do not 
enter into direct negotiations for placing 
orders. When special facilities are needed 
immediately, procurement officers refer to 
the industrial consultants, who can often 
tell where the facilities may be found, thus 
avoiding delays for the construction of new 
buildings or equipment. 

The objective announced by the WPB 
is the conversion to war production of every 
usable facility in every manufacturing in- 
dustry not required for minimum civilian 


needs. The present program emphasizes 
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the use of existing tools and production 
lines, instead of the changeover of plants 
that would require valuable time to be 
consumed in retooling. ‘Time does not 
permit a detailed program of placing war 
orders with every company affected by 
WPB limitation or conservation orders, 
since in many cases civilian production 
facilities are not readily adaptable to war 
needs, the announcement stated. 


WPB Curtails 
Individual Preference Ratings 


As a further step toward putting Ameri- 
can industry under the production require- 
ments plan, the War Production Board will 
soon discontinue granting preference ratings 
on individual applications for material to 
be used in general manufacturing opera- 
tions, a recent announcement states. 

Effective immediately, no individual ap- 
plication from a manufacturer for materials 
to be incorporated in his products over a 
period of more than one month will be ap- 
proved. As previously announced, vir- 
tually all American industries requiring 
priority assistance are expected, for the 
quarter beginning July 1, to file a single 
application to cover all of their materials 
requirements for a calendar quarter, or for 
the remainder of a calendar quarter, when 
the application is filed in an interim period. 

It has been the practice of some pro- 
ducers, who need priority assistance for 
only a few of the materials which they use, 
to file applications from time to time on 
individual PD-1A forms. The new policy 
will restrict the amount of materials to 
which a preference rating may be assigned 
in this way. It will provide WPB with a 
tighter check on the volume and uses of 
materials for which preference ratings are 
assigned, and will also require all applicants 
who need priority assistance in the regular 
course of their business to furnish full in- 
ventory information to WPB. 

Producers whose annual volume of busi- 
ness amounts to less than $100,000 may 
file their PRP applications on a simplified 
form PD-25X. All others must use the 
regular PD-25A application. 


Power-Supply Controls Set Up 
to Handle Shortages 


Machinery to handle power shortages 
wherever and whenever they occur in the 
United States has been set up by the War 
Production Board, according to recent 
WPB announcement. Shortages of electric 
power have already occurred in some areas 
and are threatened in others. These short- 
ages are generally caused by the vast in- 
crease in use of electric power by war in- 
dustries, causing many systems to use their 
reserves in current operations, and reduce 
their margin in the event of breakdown, 
drought, fuel shortages, or other unfavor- 
able conditions. 

An order has been issued to assure a 
steady flow of power to war industries and 
essential civilian services by curtailing non- 
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essential uses. 
for regular consumers, however, will not 
take place until an area becomes a power- 
shortage area. Two main lines of action 
are set out in the order. The first, which 
goes into operation at once, requires utili- 
ties to operate their systems in a way that 
will produce the maximum amount of 
power from their present capacity. In 
general, this calls for integrating or tying 
together systems to permit transfer of 
power from one locality to another where 
the power is needed most. Operations in- 
clude making available the maximum 
amount of power at peak periods, using 
water power as much as possible to save 
fuel, and maintaining as much reservoir 
storage as possible. No utility is permitted 
to abandon any of its generating facilities 
except upon authorization by the WPB. 
Each utility is required to ascertain the 
amount and availability of any electric 
power-generating facilities in the area 
owned by a nonutility power producer and 
make arrangements to connect such private 
capacity with the utility’s system. The 
second part of the program, which will be 
put. into operation when and where a 
shortage occurs, establishes machinery for 
mandatory curtailment of power for com- 
mercial and industrial consumers. Pro- 
vision is also made for curtailment to resi- 
dential consumers. When a power shortage 
develops, the Director of Industry Opera- 
tions will define the power-shortage area, 
will establish emergency curtailment sched- 
ules, and put into operation any or all of 
the following power-saving programs: 


1, Eliminate all nonessential lighting, such as sign 
lighting, show window lighting, flood lighting of 
athletic fields, and restrict lighting in stores and other 
public establishments to one watt per square foot of 
floor space. 


2. Restrict or prohibit the use of electric power during 
peak periods. Such action would affect all consumers. 


3. Limit delivery of power to an industrial cus- 
tomer to a power usage which will be based on a per- 
centage of his highest demand during the 12 months 
from May 1, 1941 to April 30, 1942. 


4, Restrict the consumption of large nonresidential 
consumers using more than 2,500 kilowatt-hours a 
week to a weekly quota based on a percentage of their 
power consumption in April of 1942 or any other 
period fixed by the WPB. 


5. Restrict the consumption of consumers (residential 
and small commercial) using 2,500 or less kilowatt 
hours on a basis to be fixed at the time of the shortage. 


Consumers exempt from the curtailment 
include governmental and community 
services, such as street lights and power for 
hospitals and schools; transportation serv- 
ices; communications services; military 
establishments; and plants engaged ex- 
clusively in war production. 


WPB Sets Up Regional Offices 


Continuing the policy of decentralizing 
its activities, the War Production Board has 
established 13 regional offices throughout 
the United States, according to announce- 
ment. ‘The existing 120 field offices (see 
EE, Feb. ’42, p. 99-100) are to be allocated 
as branch offices among the regional offices 
for administrative purposes. Management 
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Curtailment of electricity 


of regional and branch offices remains in 
the field operations bureau of the Division 
of Industry Operations, WPB. Policy and 
programs will be determined in Washing- 
ton, but direction of more and more WPB 
activities in the field is expected, the an- 
nouncement states. The regional offices 
are located in the following cities: At- 
lanta, Ga.; Boston, Mass.; Chicago, IIL; 
Cleveland, Ohio; Dallas, Tex.; Denver, 
Colo.; Detroit, Mich.; Kansas City, Mo.; 
Minneapolis, Minn.; New York, N. Was 
Philadelphia, Pa.; San Francisco, Calif, ; 
Seattle, Wash. 


WPB Says ‘‘Buy Coal Now” 


All consumers of coal, and especially in- 
dustrial users and war plants, have been 
asked, in an open letter from Chairman 
Donald M. Nelson of the War Production 
Board, to stockpile coal at once to the limit 
of storage capacity. The letter points out 
that, while transportation difficulties are 
increasing, the railroads and other trans- 
portation facilities still have some surplus 
capacity which must be utilized now to 
avoid difficulties later, and warns that, 
unless this is done, ‘‘there will undoubtedly 
be serious transportation problems, prob- 
ably involving emergency rationing, which 
might otherwise be avoided.” 

Additional factors in the situation are the 
fuel oil shortage on the Atlantic Coast and 
winter weather transportation problems, 
which make stockpiling operations now of 
great importance to all consumers who are 
or may be dependent on coal for heating; 
and the fact that this year’s consumption of 
coal will be much greater than normal. 
Retail dealers who require financial help 
in purchasing coal for shipment before 
August 1, 1942, may apply for loans to 
the Reconstruction Finance Corporation 
or local banks, Mr. Nelson’s letter states. 


War Status of Television 
Probably Experimental 


Action taken at an informal conference 
on television held by the Federal Com- 
munications Commission on April 9, 1942, 
indicates the probability of the suspension 
of commercial television during the war. 
Priorities resulting in the lack of materials 
for television transmitters, receivers, and 
replacement tubes and a shortage of tele- 
vision engineers caused by government and 
industrial war activities, it was pointed out, 
necessifate the placing of television on a 
developmental basis. A further deterrent 
is the recent War Production Board ban 
on construction which prevents the erection 
of new transmitters. Continuation of the 
temporary television transmitting stand- 
ards (EE, Mar. ’417, p. 145-7), during war- 
time was recommended by the Radio 
Manufacturers Association, with a reduc- 
tion of television broadcasting to one or 
two hours weekly. The feasibility of tele- 
vision broadcasting for the transmission 
of instructions to air-raid wardens, for re- 
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is to be referred to the government for 
determination, 


Intensive Campaign Under Way 
_ to Salvage Scrap 


The Bureau of Industrial Conservation 
of the War Production Board has intro- 
duced an intensive campaign to salvage 
all possible iron and steel scrap, nonferrous 
_ metal scrap, paper, burlap, and cotton and 
woolen rags, and other essential materials. 
These materials are needed as never before. 
Serious shortages exist. In a few cases, 
open hearth furnaces have been forced to 
close down because of the lack of scrap. 

Although the collection of scrap is a 
normal procedure in industry, the usual 
methods employed do not suffice to pro- 
duce the amount needed to fill the de- 
mands of the war program. The present 
program demands not only scrap from 
manufacturing processes, but from the 
wrecking of obsolete and abandoned ma- 
chinery, structures, buildings, etc. The 
prompt and continual flow of scrap from 
all types of manufacturing plants, mills, 
mines, utilities, and municipalities, and 
the collection of scrap from homes, farms, 
schools, etc., are essential. 

The following suggestions should be help- 
ful to those interested in increasing their 
efforts and effectiveness: 


1. Instruct all employees to be on the lookout for 
scrap and to bring it to a central point. 


2. Make some one person responsible for hunting up 
all scrap and waste materials. 


3. See that the person appointed gets materials mov- 
ing quickly into proper channels. 

4. Because scrap accumulates, keep the scrap-collect- 
ing program going. 

5. Reuse salvaged equipment wherever possible. 
Reduce waste to a minimum. 

6. Do not mix scrap metals; segregate as to kind. 


7. Make scrap collection and salvage part of the 
housekeeping program. 


Vast War Production in 1942 
Scheduled by General Electric 


Production of approximately a billion 
dollars worth of diversified war materials 
by the General Electric Company during 
the current year was recently predicted 
by C. E. Wilson, president, at the annual 
stockholders’ meeting at Schenectady, 
N. Y. That this goal may be reached, he 
stated, is indicated by the fact that the 
March output, at an annual rate of $860,- 
000,000, was achieved without the aid of 
new plants, which have been completed 
recently or which are now in construction, 
and without complete use of recently added 
facilities. It was further reported that in 
the production of almost all important war 
goods, the company was meeting schedules 
set by the service departments of the govern- 
ment and that the production of a number 
of outstanding items is ahead of schedule. 
In the interests of the increased production 
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necessary for the war effort, the General 
Electric Company has expressed its willing- 
ness to make available for the duration of 
the war any of its designs and techniques, 
patented or unpatented, to other manu- 
facturers of goods for the Army and the 
Navy. 


Wartime Vacation Policy 
Stated by WPB 


In response to inquiries from industry and 
labor, Chairman Donald M. Nelson of the 
War Production Board recently issued the 
official WPB policy in regard to vacations 
in wartime, essential substance of which 
was as follows: 


Experience here and abroad is indicating that the 
worker, even when stimulated by the urgency of the 
war situation, cannot work long hours and maintain 
peak output indefinitely. It is well-known that he 
benefits in peacetime from an annual vacation, After 
the extensive overtime and the added emotional strain 
of the war effort, it is certain that a rest period this 
year will prove doubly effective in the restoration of 
his energy and determination. 

In planning the vacation program in 1942, it is par- 
ticularly necessary that American industry secure 
vacation benefits without paying a counterbalancing 
cost in productive hours lost. This can be accom- 
plished by doing work ahead in the departments af- 
fected, by further overtime of the workers not on vaca- 
tion, by a special program of training substitutes for 
those workers scheduled to go on vacation, and by the 
spreading of the vacations over a longer period where 


possible. 


WPB Asks Curtailment of Street Lighting. 
The War Production Board power branch 
has asked all electric utility systems to 
discontinue for the duration of the war all 
street-lighting extensions except those 
needed for public safety, according to a 
recent announcement, which also states 
that agreements between utilities and 
governmental agencies providing for street 
and highway-lighting extensions should be 
suspended and that applications for pri- 
ority assistance in obtaining material for 
such extensions should not be made. These 
requests do not apply to illumination or 
traffic-control signals for areas where traffic 
conditions are congested because of war 
industries, camps, and airports. Applica- 
tions for priority assistance where installa- 
tions are essential to public safety will con- 
tinue to receive consideration by the WPB 
power branch. 
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Test-Run for Pendulum-Suspension Cars. 
Three railroad coaches of the ‘“‘pendulum’’- 
or above-gravity-suspension type, built 
by the Pacific Railway Equipment Com- 
pany, recently carried railroad officials and 
others on a test run between Chicago and 
Galesburg, Ill., on which a top speed of 105 
miles per hour was reached. ‘To demon- 
strate their riding qualities in comparison 
with other types of coaches, the “pendu- 
lum” cars were attached behind two stain- 
less-steel lightweight cars and a conven- 
tional steel coach. Regarded as providing 
a new high in riding comfort, it has been 
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predicted that the new cars will become a 
standard design after the war. A descrip- 
tion of the “pendulum’’-suspension car, 
then in the experimental stage, appeared in 
the January 1941 issue of Electrical Engi- 
neering, page 15. 


Allis-Chalmers Elects President. Walter 
Geist, former executive vice-president of 
the Allis-Chalmers Manufacturing Com- 
pany, Milwaukee, Wis., was elected presi- 
dent at a meeting of the board of directors 
on May 7, 1942, according to an an- 
nouncement made by M. W. Babb, chair- 
man of the board. Mr. Geist, who joined 
the company in 1909 as an errand boy in 
the Saw Mill engineering department, suc- 
ceeds W. C. Buchanan, who recently re- 
signed. In the Saw Mill engineering de- 
partment he advanced to the position of 
engineer-in-charge. He became active in 
the development of a multiple V-belt drive 
for industrial use and in 1928 was made 
assistant manager of the milling depart- 
ment. He became a vice-president in 
1939 and executive vice-president in 1942. 


Sir William Bragg, Physicist, Dies. Sir 
William Henry Bragg, director of the Royal 
Institution, Fullerton professor of chemistry 
and director of the Davy-Faraday Research 
Laboratory, London, England, died on 
March 12, 1942. He was born in 1862 and 
was graduated from Trinity College, Cam- 
bridge, in 1884. He was widely known for 
his studies in atomic and molecular struc- 
tures, and for his work in popularizing 
science. In 1915 he received the Nobel 
Prize jointly with his son, in 1930 he was 
awarded the Franklin gold medal of the 
Franklin Institute, and in 1936 he was 
awarded the Faraday Medal of the Insti- 
tution of Electrical Engineers of Great 
Britain. 


GE Issues Welding Instruction Film. 
“The Inside of Arc Welding” a 16-milli- 
meter sound motion picture produced in 
color for General Electric Company, is be- 
ing released for use by private, public, and 
industrial welding schools, and government 
agencies. The film is in six parts, each of 
which is a complete unit, taking ten minutes 
to show. Part I is already being dis- 
tributed; the remaining five parts are ex- 
pected to be released during June. Charts, 
animation, demonstrations by expert opera- 
tors, close ups of the are in action, and 
cross-sections of good and bad welds are 
used in the films to explain and emphasize 
the principles of welding. Information 
about the films, which may be obtained for 
single showings, or purchased at the cost of 
the prints, may be secured from the Visual 
Instruction Section of General Electric 
Company, Schenectady, N. Y., or from any 
General Electric office. 


Co-operative Network Calculator at Pur- 
due. Purchased co-operatively by Purdue 
University and six midwestern power com- 
panies, an $85,000 network calculator is 
being installed at the University, for use in 
planning the expansion of power systems 
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serving war industries in Indiana, Ohio, and 
Kentucky. By creating and testing existing 
or proposed systems in miniature and per- 
forming in an hour calculations that would 
take an engineer nine months to make on 
paper, the network calculator speeds 
power-systemm expansion and keeps new 
construction at a minimum, experience 
has shown, 
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NEMA Honored in 
Trade Association Award Contest 


The National Electrical Manufacturers 
Association was awarded a certificate of 
honorable mention in the American Trade 
Association Executives Award Contest 
recently held for 1942. The certificate 
was given for the Association’s “‘achieve- 
ment in carrying out a plan to increase the 
knowledge and use of all present statistics 
issued by the various product groups of 
the Association, and to add any other 
statistics that might be suggested.” The 
award itself was presented to the Farm 
Equipment Institute of Chicago, IIll., for 
an extensive survey of the need for critical 
materials in its industry. Seven other trade 
associations, including the American Light- 
ing Equipment Association, also received 
honorable mention. The contest for recog- 
nition of outstanding trade association 
achievement has been held ten times since 
its inauguration in 1929. This year’s jury 
of award was headed by Secretary of Com- 
merce Jesse H. Jones as chairman. 


ASME Section Honors Alex Dow 


Speakers paid tribute to the late Alex 
Dow (A’93, F’13, HM’37) at a recent meet- 
ing of the Detroit (Mich.) section of the 
American Society of Mechanical Engineers, 
which was concerned with the shell-turning 
lathe Doctor Dow helped to originate. 
This machine for ultrarapid turning of 75- 


Future Meetings of Other Societies 


American Physical Society. 249th meeting, June 
25-27, 1942, State College, Pa.; 250th meeting, July 
11, 1942, Berkeley, Calif. 


American Society for Testing Materials, 45th an- 
nual meeting, June 22-26, 1942, Cleveland, Ohio. 


American Society of Heating and Ventilating Engi- 
neers. Semiannual meeting, June 15-17, 1942, St. 
Paul, Minn. 


American Society of Mechanical Engineers. Semi- 
annual meeting, June 8-10, 1942, Cleveland, Ohio. 


Canadian Electrical Association. Annual meeting, 
June 25-26 (tentative), Murray Bay, Que. 


Institute of Radio Engineers. Summer convention, 
June 29-July 1, 1942, Cleveland, Ohio. 


National Fire Protection Association. 


May 11-15 
1942, Atlantic City, N. J. ‘ ; 


Society for Promotion of Engineering Education. 
Annual meeting, June 27-29, 1942, New York, N. Y. 


a 
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to 155-millimeter shells, was developed by 
the Ex-Cell-O Corporation, Detroit, and is 
being produced in great quantities for the 
war-production program. Its develop- 
ment was first suggested in 1934 by Doctor 
Dow, who, in addition to being president of 


PETERER Sake 


INSTITUTE members and subscribers are invited 
to contribute to these columns expressions of opin- 
ion dealing with published articles, technical 
papers, or other subjects of general professional 
interest. While endeavoring to publish as many 
letters as possible, Electrical Engineering reserves 
the right to publish them in whole or in part or to 
reject them entirely. Statements in letters are 


A Simplified Method of Calculating 
Line-Drop Compensator Settings 


To the Editor: 


The determination of compensator R and 
X settings for distribution-feeder voltage 
regulators by the methods now in use re- 
quires either lengthy calculations based on 
feeder loading and characteristics, or ex- 
tensive field work. It is believed that the 
method developed here simplifies the cal- 
culations materially and gives results of 
acceptable accuracy. 

The common methods of determining 
compensator R and X settings now in use 
are three in number, namely: the analytical 
method, the trial-and-error method, and 
the method based on curves determined 
under high and low power-factor load 
conditions on the feeder. 

The first method involves the following 
steps: 


1. Calculation of feeder resistance and reactance 
from feeder length, conductor spacing and conductor 
size, and the line frequency. 


2. Calculation of the ohmic line drop and the reac- 
tive line drop from the feeder R and X and the maxi- 
mum actual feeder load current. 


3. Expression of the voltage drops in item 2 in per 
cent of line voltage. 


4. Conversion of the percentage drops in item 3 to 
secondary voltage drops. This conversion involves 
the ratio of the potential transformer used to provide 
compensator voltage. 


5. Correction of the secondary voltage drops ob- 
tained for actual load conditions to rated regulator 
load current. This gives the required resistance and 
reactance compensation in compensator dial volts. 


The second method involves the estab- 
lishment of telephonic communication be- 
tween an observer at the load center and an 
operator at the station. Load-center volt- 
ages are read as the operator sets up all 
possible combinations of R and X dial set- 
tings. Those combinations of R and X 
settings that give the desired load center 
voltage are tabulated. It is essential when 
this method is employed that the procedure 
be repeated for various load and power- 
factor conditions. ‘The points common to 
all tabulations will be those which will give 
proper compensation for all load and power 
factor conditions. 

The third method, described by B. V. 


Of Current Interest 


the Detroit Edison Company, was for many 
years chief of the Detroit Ordnance Dis- 
trict for the War Department. An obitu- 
ary notice and biographical sketch of Doc- 
tor Dow appeared in the May issue, pages 
263-4. ' 
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expressly understood to be made by the writers; 
publication here in no wise constitutes endorse- 
ment or recognition by the AIEE, All letters sub- 
mitted for publication should be typewritten, 
double-spaced, not carbon copies. Any illustra- 
tions should be submitted in duplicate, one copy an 
inked drawing without lettering, the other lettered. 
Captions should be supplied for all illustrations. 


Thor in the Electric Journal for December 
1930, is fundamentally the same as the 
second method. Two curves of RF setting 
versus X setting are determined by plotting 
all combinations which give the desired 
load-center voltage, first for high power- 
factor feeder load and then for low power- 
factor feeder load. The point of intersec- 
tion of these two curves indicates the correct 
R and X settings. This method usually 
cannot be applied because of the difficulty 
encountered in setting up the required 
power-factor and load conditions. If load 
and power factor can be adjusted as re- 
quired by this method, accurate results will 
be obtained. 

Because of the operating difficulties en- 
countered and the time and cost involved 
in carrying out either of the two field meth- 
ods many operating companies have 
avoided using them whenever possible. 

It can be shown that for a given regulator 
the correct compensator dial settings will 
be equal to the feeder R and X multiplied 
by a constant which is determined by the 
regulator current and voltage ratings. It is 
possible therefore to set up a table of con- 
stants that will apply to all regulator rat- 
ings encountered on a given system. 

The application of this method, after a 
table of constants has been set up, involves 
the following steps: 


1. Calculation of feeder resistance and reactance from 
feeder length, conductor size and conductor Spacing 
and the line frequency. 


2. Selection of proper constant from table. 


3. Multiplication of the quantities obtained in item 1 
by the proper constant determined in item 2 to give 
the R and X compensator dial settings in dial volts. 


These constants can be developed as 
shown in the following example. Let us 
assume a feeder and regulator(s) having the 
following characteristics: 


Single-phase resistance =R 
Single-phase reactance =X 
Load current =I, 
Nominal phase-to-phase feeder 
voltage and *nominal rated 
regulator voltage =E 


* In the case of single-phase regulators connected in 
wye on a three-phase feeder, “Z” is the phase-to-phase 
voltage of the feeder or the rated regulator voltage 
multiplied by 3. 
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Oe.<% LM wt 
tated regulator current =Ip 
Nominal compensator supply 


- voltage =V, 
‘Primary resistance voltage 

_ drop =Vp=I1,R 
‘Primary reactance voltage 
fi dr op = Vy =I LX 


Primary resistance drop ex- 

pressed in terms of the com- 
pensator supply voltage “=UR 

Primary reactance drop ex- 
pressed in terms of the com- 


pensator supply voltage ~ =vy 


The R drop and the X drop in percentage 
then will be equal to the primary values 
divided by the phase-to-neutral voltage or 


To express the R drop and the X drop in 
terms of the compensator supply voltage 
_ multiply equations 1 and 2 by V, or 


V/3I,R 


IR 
| M% R drop = VR (1) 
: 
T,X 
} % X drop= Yet (2) 


VR=% RaropxVe=——_ XV, (3) 
I x 
vy = % XdropXV, oie. V. (4) 


E 


Since J; is not equal to Zz the compensa- 
tion obtained per compensator dial division 
is not as indicated on the dial but is equal 
to I;,/Ipz times the indicated compensation. 
In other words, the required dial setting 
is inversely proportional to the per cent 
load, or inversely proportional to J;/Ip. 

Therefore the correct compensation in 
dial volts will be 


“R” setting in dial volts = 
un e 4/31,RV Ip 


= 5 
Ae A ILE ©) 
“xX” setting in dial volts = 
I 31 XV, 
0,.X~= V3ILXV Te (6) 


i I,E 


For a given regulator the rated primary 
current, nominal compensator supply volt- 
age, and nominal phase-to-phase line volt- 
age are all constants. Or 


““R” setting in dial volts = Rk (7) 
“*X” setting in dial volts = Xk (8) 
where 
/3lp V, 
faa (9) 
E 


The development of this constant elimi- 
nates the necessity of using two quantities 
which in some cases are not readily avail- 


able. 


1. The actual potential transformer ratio has no 
bearing on the development of the constant. The 
pertinent ratio is that between the phase-to-phase line 
voltage and the compensator supply voltage. Regard- 
less of the number of transformations from the line 
voltage to the compensator supply voltage the over-all 
ratio is the only one that need be considered. 
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2. The actual feeder loading does not enter into the 
calculations made to determine compensator settings 
by this method, so it is not necessary to apply a correc- 
tion factor (equal to the ratio of regulator rated current 
to the actual load current) to obtain the final settings. 
Since the actual load current is not used in the calcula- 
tion, the compensator settings for a feeder may be de- 
termined by this method before the feeder is put in 
service. 


For the particular distribution system on 
which this method was first applied, the 
following table of constants was found to 
cover every regulator now in service. 


iaaieanllisiammamaiememtemmmeteteeneenese ante 


Nominal 
Nominal Compen- 
Feeder Volt- —- Rated sator 
age Phase Regulator Supply Constant 
to Phase Current Voltage K 
$160 cae ve BOO ees ns ALOE eso 10.00 
BeLOU ee ie hs aA Oe io. ee 8.66 
S160 sates OOo. srrivie Ose mateerer 10.83 
ROO eorrre cis AD liseigt alesis US Sgn cen 20.00 
ALGO van secs BN tessa ies LOA tester 17,32 
BGO Ce oes SOU ke mint Aeros oie eh 21.65 
Ca) ee DOO res wes ZO ae nite 2.89 
PAL USA aeoan RODE Setaca cits L2O Merce 5.78 
DADO. 5 5 nex. MOE ccnvarese's EAR nana 11.55 


The constants from this table can be ap- 
plied to a specific feeder in the following 
manner: 


Length and size of cable: 910 feet of 3X 
250,000 circular mil 

Length and size of conductor from cable 
pole to load center: 10,200 feet of num- 
ber 2/0 

Effective spacing:* 53.2 inches 

Feeder rating: 3 phase, 60 cycle, 4,160/ 
7,200 volts 

Regulator: Three phase step-type regula- 
tor rated 200/400 amperes 7,200 volts 
10/5 per cent connected for 10 per cent, 
200 amperes. Nominal compensator 
supply voltage =120 volts 

Resistance of 3X 250,000 circular mil cable 
= 0.0437 ohm /1,000 feet 

Resistance of number 2/0 = 0.0821 ohm/ 
1,000 feet 

Reactance of cable (single phase) = 0.0300 
ohm/1,000 feet 

Reactance of conductors=0.1346 ohm/ 
1,000 feet 

Single phase resistance of feeder =0.0437 
X0.91-+0.0821 X 10.2 =0.878 ohm 

Single phase reactance of feeder =0.0300 
0.91+0.1346 KX 10.2 =1.4002 ohms 
The constant for this regulator from the 

table is 5.78, therefore the F setting is 


R=0.878 X5.78 =5.075 
the X setting is 
X =1.4002 X 5.78 =8.10 


The compensator dials should be set for 
R=5, X=8. 
The R and X settings determined will 


*With conductors spaced as shown the effective spac- 
ing is: 
RSG C 
Eff. spacing = VaXbXe 0-<—a—+0<—b->0 
<—_——_c——_> 
On a standard 7,200-volt feeder on this system 
a=29", b=59", c= 88” 
. 3 ” 
Eff. spacing = W/ 29X59 X88 =53.2 
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give correct compensation for straight-line 
voltage regulation. If overcompensation 
is desired to provide for voltage drop in 
distribution transformers and secondaries, 
the necessary increase may be added to 
the values of R and X settings previously 
determined. 

In applying this method to a system 
having 50 regulated feeders it was found 
that the settings were accurate and that a 
considerable saving in time over other 
methods was effected. On this system 
complete records are available from which 
it is possible to determine in a very short 
time the length of feeder from station to 
load center, size of overhead conductor and 
underground cable, and spacing of con- 
ductors. ‘This information, plus the regu- 
lator name-plate data, is sufficient to cal- 
culate the compensator R and X settings. 


M. W. KECK (A’38), T. J. KOZAK (A’41) 


(Engineering department, Toledo Edison Company, 
Toledo, Ohio) 


Bion J. Arnold 


To the Editor: 


Your obituary item regarding Bion J. 
Arnold* in the March 1942 issue of Elec- 
trical Engineering (pages 166-7) fails to do 
him justice, as it omits all reference to one 
of his outstanding achievements, viz. his 
pioneering work in the development of 
automatic substations. With becoming 
modesty Mr. Arnold in “‘Who’s Who in 
America’ disposes of the subject in the 
statement: “inventor of . . . new systems 
and devices for electric railways.” 

Mr. Arnold’s work along this line is an 
example of the saying: “Necessity is the 
mother of invention.” He owned a small 
electric railway line between Elgin and 
Rockford, Ill., that was not paying ex- 
penses. He conceived the idea of remedy- 
ing the situation by eliminating substation 
operators. To accomplish his purpose he 
produced some specifications that contained 
some features that were so radical that the 
General Electric Company refrained from 
bidding. But there were two engineers in 
their Chicago office who shared Mr. 
Arnold’s enthusiasm on the subject, and 
they as individuals entered into a contract 
with Mr. Arnold. Later the contract was 
taken over by the General Electric Com- 
pany. I think that this was all set forth by 
Mr. Arnold in a paper before the Western 
Society of Engineers, and I distinctly recall 
being a member of a party from WSE that 
was escorted to the substation by Mr. 
Arnold who proceeded to put the auto- 
matic devices through their paces. 

That the subject of automatic substations 
is of importance is indicated by the fact 
that some years later (in 1927) in response 
to demands of its members, the ATEE ap- 
pointed a committee on automatic stations, 
and this committee, with changes in mem- 
bership, has continued to this day. 


D. W. ROPER (F’14) 


(Retired electrical engineer, Carmel, Calif.) 


* Note: See also commemorative notice in this issue, 
page 319. 
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Illuminating Engineering Nomenclature 
and Photometric Standards. By the Il- 
luminating Engineering Society, New 
York. 42 pages, paper, 25 cents (quantity 
prices available). 

Intended to supersede the previous IES 
nomenclature and photometric standards 
report, the current report, approved by 
the American Standards Association, aims 
further to clarify and standardize the 
nomenclature of the illuminating engi- 
neering field. Definitions have been re- 
arranged and renumbered to conform to 
the system adopted by the ASA. 


American Recommended Practice of In- 
dustrial Lighting. By the committee on 
lighting practice of the Illuminating Engi- 
neering Society, New York. 51 pages, 
paper, 25 cents (quantity prices available). 

This report, approved by the American 
Standards Association, presents a discus- 
sion of the basic principles of good light- 
ing, emphasizing the correlation between 
lighting and plant safety. Glare as well as 
distribution and color of light are considered 
and minimum standards of illumination 
are recommended. Natural and artificial 
lighting and problems relating to main- 
tenance and wiring are also discussed. A 
bibliography is included. 


Standardization Activities of National 
Technical and Trade Organizations. By 
Robert A. Martino, National Bureau of 
Standards. United States Government 
Printing Office, Washington, D. C. 75 
cents. 

Intended to provide a complete list of 
the national technical and trade organiza- 
tions which carry on standardization activi- 
ties. The name of the secretary or director 
and the address of each organization is in- 
cluded with a statement of its standardiza- 
tion activities. The book is available from 
the Superintendent of Documents, Wash- 
ington, D. C. 


The following new books are among those recently 
received at the Engineering Societies Library. 
Unless otherwise specified, books listed have been 
presented by the publishers. The Institute as- 
sumes no responsibility for statements made in the 
following summaries, information for which is 
taken from the prefaces of the books in question. 


These and thousands of other technical books may 
be borrowed from the library by mail by AIEE 
members, 


This Chemical Age, the Miracle of Man- 
Made Materials. By W. Haynes. Alfred 
A. Knopf, New York, 1942. 385 pages, 
illustrations, etc., 8!/2 by 51/2 inches, cloth, 
$3.50. 

The reader without a chemical back- 
ground will find this an interesting account 
of modern developments in this field. The 
ways in which laboratory discoveries have 
been developed into such industrial prod- 
ucts as dies, drugs, plastics, nylon, cello- 
phane, and synthetic rubber are described 
clearly and dramatically, with scientific ac- 
curacy. 
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Transients in Electric Circuits Using the 
Heaviside Operational Calculus. By W. 
B. Coulthard. Pitman Publishing Corpora- 
tion, New York; Sir Isaac Pitman and 
Sons, London, 1941. 203 pages, diagrams, 
9 by 51/2 inches, cloth, $8.50. 

Dealing especially with electrical engi- 

neering problems, this book utilizes the 
Heaviside operational methods rather than 
the formal mathematical treatment. The 
theory of lumped circuits, smooth circuits, 
and repeated lumped circuits are considered 
as well as some methods for dealing with 
variable circuits. A brief bibliography ac- 
companies each chapter. 
Thomas’ Register of American Manu- 
facturers. 32d edition. Thomas Pub- 
lishing Company, New York, Boston, 
Chicago, Cleveland, Detroit, Los Angeles, 
Philadelphia, Pittsburgh, San Francisco, 
Toronto, and London, 1941. 5200 pages, 
illustrated, 14 by 9 inches, cloth, initial 
subscription $15; renewal $10 (supply 
limited). 

This annual compilation of American 
manufacturers has its customary three main 
sections: the classified directory of prod- 
ucts (with index) in which the firms are 
listed, with a capital rating, geographically 
under each product; the alphabetical list 
of manufacturers, giving addresses, sub- 
sidiaries, branches, etc.; and the trade 
name index. The newer arbitrary number- 
ing of advertisers, with a separate index 
which lists these numbers with their cor- 
responding companies is continued chiefly 
for the use of purchasing agents. 


The Science and Practice of Welding. By 
A. C. Davies. The Macmillan Company, 
New York; University Press, Cambridge, 
England, 1941. 436 pages, illustrated, etc., 
8 by 5 inches, cloth, $2.25. 

Aims to provide a concise, yet compre- 
hensive, account of the basic theoretical 
principles underlying the various processes 
of welding and the practical methods of 
applying them. Both gas and electric 
methods are covered and there are chapters 
on gas cutting and on inspection and testing. 


Radio Amateur’s Handbook. Special de- 
fense edition. Published by the American 
Radio Relay League, West Hartford, 
Conn., 1942. 288 pages, illustrations, etc., 
91/2 by 61/2 inches, paper, $1. 

The nine basic theoretical chapters of the 
standard edition have been retained in this 
edition intended for training courses, and 
the constructional chapters have been con- 
densed into one which describes representa- 
tive types of radio equipment. The section 
on measurements remains, and an intro- 
ductory chapter covering the necessary 
elementary mathematics has been added. 
The material on the construction of ama- 
teur equipment and the operation of 
amateur stations has been omitted. 


Possible Alternates for Nickel, Chromium 
and Chromium-Nickel Constructional Al- 
loy Steels. Contributions to the Metallurgy 
of Steel. American Iron and _ Steel 
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Institute, New York, January 1942. 143 
pages, charts, etc., 9 by 6 inches, paper, 
50 cents. 

Presents four new series of alloy steels 
designed to preserve our reserves of strategic 
metals, especially chromium and _ nickel. 
The steels developed include a series of 
carbon-molybdenum, manganese-molyb- 
denum, low chromium-molybdenum, and 
low _nickel-chromium-molybdenum steels. 
Data are given about hardenability and 
other physical properties. 


Power Plant Engineering and Design. 
By F. T. Morse. Second edition. D. Van 
Nostrand Company, New York, 1942. 703 
pages, illustrations, etc., 91/2 by 6 inches, 
cloth, $6.50. 

Aims to present a study of electric gen- 
erating stations, including public service, 
industrial, and institutional plants. Both 
mechanical and electrical features and 
economic factors are included. Steam 
plants are discussed at length, but hydro- 
electric and Diesel-engine plants are also 
considered. A basic knowledge of thermo- ° 
dynamics and mechanics is assumed. 


Industrial Electricity, Part 2. (Electrical 
Engineering Texts.) By C. L. Dawes. 
Second edition. McGraw-Hill Book Com- 
pany, New York and London, 1942. 523 
pages, illustrations, etc., 8!/2 by 51/2 inches, 
cloth, $2.75. 

The object of this text is to develop in a 
simple manner the principles of alternating 
currents and a-c circuits, and to show their 
applications to electrical machinery, recti- 
fiers, electron tubes, and to power transmis- 
sion. The book has been revised, a 
chapter on rectifiers has been added, and 
the chapters on illumination and interior 
wiring have been omitted. 


Electrical Circuits and Machinery. Vol- 
ume Two: Alternating Currents. By F. 
W. Hehre and G. T. Harness. John Wiley 
and Sons, New York; Chapman and Hall, 
London, 1942. 635 pages, illustrations, 
etc., 9 by 6 inches, cloth, $6. 

Intended as a general text for non-elec- 
trical engineering students and as an intro- 
ductory text for electrical engineering 
students. It is comprehensive in scope and 
includes two chapters on electronic devices. 
There are many problems chosen with 
special reference to present commercial 
practice. 


Technidata Hand Book, Engineering, 
Chemistry, Physics, Mechanics, Mathe- 
matics, etc. By E. L. Page. Norman W. 
Henley Publishing Company, New York, 
1942. 64 pages, diagrams, etc., 81/2 by 51/2 
inches, looseleaf, paper, $1.00; cloth, 
$1.50. 

Intends to present in condensed form 
essential data taken from the fields of 
mathematics, physics, chemistry, and engi- 
neering mechanics. Facts, figures, theory, 
definitions, laws, formulas, simple calcula- 
tions, diagrams, and numerical tables are 
given. The use of the slide rule is also 
briefly described. 
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Field Tests and Performance of a High- 
Speed 138-Kv Ajir-Blast Circuit Breaker 


PHILIP SPORN 
FELLOW AIEE 
Synopsis: Since 1926 many significant 


field tests on high-voltage circuit breakers 
have been made on the American Gas and 
Electric Company’s central system, which 
have served as an important aid in high- 
voltage circuit breaker development. Such 
tests have also served as a means for study- 
ing and checking the behavior of this large 
power system under short-circuit conditions. 
A 138-kv air-blast breaker of novel de- 
sign has recently been given a series of field 
tests both for normal interrupting duty and 
for ultrahigh-speed reclosing service. Cir- 
cuit interrupting ability at least equal to 
that expected of any modern oil breaker of 
conventional design was obtained and, in 
addition, an unusual superspeed reclosing 
performance was obtained which points the 
way to a possible liberalization of existing 
derating factors for this kind of service. 
While still somewhat of an innovation in 
the high-voltage field, the air-blast circuit 
breaker undoubtedly has certain basic ad- 
vantages. It is believed that these tests are 
an important step forward in developing 
the possibilities of the air-blast breaker for 
high-voltage service and that they have 
brought the entire electric power industry 
closer to the possibility of benefit from an 
application of this interrupting principle. 


Description of Breaker 


T the 1941 winter convention there 

was presented before the AIEE, a 
paper! describing a new high-voltage air- 
blast circuit breaker, known as the con- 
served-pressure type. As built for 138 
kv, this breaker has two interrupting 
units of the axial or longitudinal blast 
type in series per pole. Each of these 
units, as shown in Figure 1, consists of an 
enclosing thick-walled tube of insulating 


Paper 42-9, recommended by the AIEE committee 
on protective devices for presentation at the AIEE 
winter convention, New York, N. Y., January 
26-30, 1942. Manuscript submitted July 9, 1941; 
made available for printing November 3, 1941. 


PHILIP Sporn is vice-president in charge of engineer- 
ing of the American Gas and Electric Service Cor- 
poration, New York, N. Y. H. E. STRANG is 
engineer of the switchgear department of General 
Electric Company in Philadelphia, Pa. 


January 1942, VoL. 61 


H. E. STRANG 
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material, containing a stationary and a 
movable contact, an orifice into which the 
arc is drawn, and a piston and cylinder 
for actuating the moving contact. This 
assembly is housed in a vertical porcelain 
shell for weather protection. Two such 
columns plus a disconnecting member 
comprise a pole unit of the 138-kv 
breaker. Each pole has a storage tank 
in which sufficient air for two complete 
close-open operations is stored at 350 
pounds per square inch. The three 
tanks are coupled together by a common 
header and connected to a central air 
compressor plant through a double-act- 
ing check valve. Each pole has its own 
electrically operated blast valve to con- 
trol the flow of air to the contacts. One 
pneumatic cylinder with electrically ac- 
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THROAT 
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Figure 1. Cross section of interrupting unit 


Sporn, Strang—138-Kv Air-Blast Circuit Breaker 
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Preprint of Corresponding Pages From the Current Annual AIEE Transactions Volume 


Any discussion of these papers will appear in the June 1942 Supplement to Electrical Engineering—Transactions Section 


tuated control valves operates the three 
isolating switches through an enclosed 
system of push-pull rods between phase 
units, 

The interrupting action of this breaker 
is unique in that the arc is drawn into a 
space deliberately maintained at high 
pressure, instead of into the free air as 
has been common for other types of air 
breakers. This back pressure, which is 
maintained by regulating the size of the 
vent from the arcing chamber, provides a 
medium having a dielectric strength 
several times that of air at atmospheric 
pressure in which the interrupting con- 
tacts are separated. 

Referring to Figure 2, the action of the 
breaker in interrupting a circuit is as 
follows: 


1. The protective relay energizes the coils 
of the three blast valves, causing them to 
open, admitting air to the passage leading 
to the interrupting units. 


2. Contacts are separated by action of the 
pistons in each unit. 


8. The are is drawn into the insulating 
orifice through which air is passing, where it 
is extinguished; the moving contact con- 
tinues on into the area of high pressure and 
high dielectric strength which prevents the 
arc from restriking. 


4. A definite time after the blast valves 
have been energized (they are interlocked 
pneumatically to require action of all three 
valves) air is admitted to the disconnect 
actuating cylinder 


5. After the disconnect has started to open 


Figure 2. Single-pole unit of 138-kv breaker 
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blast air is cut off, allowing the interrupting 
contacts to return to the normal closed posi- 
tion after the isolating switch has opened. 


The closing action is performed en- 
tirely by the isolating switch, its action 
being fast and controlled by a positive 
driving force, so that it is capable of 
closing repeatedly against currents as 
high as 6,000 to 10,000 rms amperes at 
132 kv without harmful effects. 


Background of Field-Test 
Experience 


Inasmuch as the facilities of the Ameri- 
can Gas and Electric Company’s sys- 
tems, and especially its central system 
have been lent for the making of inter- 
rupting tests on several previous occa- 
sions and at the cost of certain extra 
operating expense and some disturbances 
to service, it is pertinent at this time, be- 
fore describing the present series of tests, 
to review briefly what this background 
of testing has produced in the way of re- 
sults and benefits. 

While the earliest tests on 138-kv 
breakers, made in 1926 and 1927? pro- 
duced some real benefits in proving and 
strengthening the interrupting devices of 
that time, it remained for later tests, 
first made in 1930 and later in 1937 and 
1938, to bring about important develop- 
ments in speed. The 1930* tests brought 
to completion the successful development 
of the 8-cycle breaker, which since has 
become standard, replacing the 15- to 
18-cycle breaker in use up to that time. 
This improvement in speed was particu- 
larly valuable at that time as it per- 
mitted taking full advantage of improved 
high-speed relaying, such as the carrier 
systems, and in materially reducing the 
clearing time of faulted transmission 
circuits. These developments in turn 
made possible the first attempts at ultra- 
high-speed reclosing which has since be- 
come a most important tool in the art of 
transmission. In addition, these tests, 
made at the full 1,500-megavolt ampere 
rating of the breaker, disclosed certain 
weaknesses in design or construction 
which were thereupon remedied, result- 
ing in greatly increased reliability of 
breakers in service. 

A series of tests, begun in 1937 and 
completed in 1938° resulted in the success- 
ful development of a still faster breaker, 
the 5-cycle multibreak interrupter, which 
has since formed the basis for most of the 
ultrahigh-speed reclosing installations on 
this system. The extra speed of this in- 
terrupter over the standard 8-cycle 
breaker has made possible the overall re- 
closing cycle, including the time from 
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initial short circuit to final reestablish- 


ment of the circuit, of 18 to 20 cycles. 


This has been accomplished both by the 
installation of new breakers, as well as by 
rebuilding existing breakers with the 
new interrupters. 

The 1937-38 tests were further note- 
worthy in that satisfactory performance 
was obtained at a duty of 2,000 megavolt 
amperes, or 33 per cent above the design 
rating of the breaker. This result has 
been of real economic value in more ways 
than one. First, it has formed the basis 
for a saving in physical size, and conse- 
quently in the cost of large 138-kv cir- 
cuit breakers. Where the 2,500-mega- 
volt ampere breaker was formerly made 
with a 72-inch tank, with the new inter- 
rupter it is now made with a 66-inch tank. 
Second, it has made possible a rebuilding 
of a considerable number of existing 66- 
kv breakers at Windsor for an increased 
rating well above that for which they 
were originally designed and at a very 
substantial saving below the cost of buy- 
ing new breakers. In this instance, 
where the normal modernization could 
offer a rating of not more than 500 mega- 
volt amperes, according to existing stand- 
ards, a single breaker was rebuilt and 
successfully withstood a test in the field 
considerably above this value, and fully 
adequate for the requirements on these 
breakers. It is fairly safe to say that 
without the background of experience 
gathered in these tests, as well as in the 
1930 tests at Philo, the rebuilding and 
testing of the Windsor breakers for an 
interrupting duty so much above the 
maximum previously considered avail- 
able would never have been initiated. 


While all of this background of ex- 
perience in field testing has proved that 
the benefits received fully justify the 
cost, nevertheless, the undertaking of a 
further series of tests, particularly at 
this time of increased load requirements, 
was a matter for serious consideration. 
For several reasons, however, these tests 
were believed to be of sufficient impor- 
tance to justify the actual cost and the 
inconveniences involved. The develop- 
ment of an outdoor, oilless, high-voltage 
circuit breaker, which to some may ap- 
pear to be of only academic interest at 
the present time, may emerge as a timely, 
significant, and much needed undertak- 
ing. It is not at all inconceivable that 
restrictions of one form or another may 
be encountered in the use of oil for future 
breakers. This leads pertinently to a 
discussion of some of the advantages and 
disadvantages of oil as used in conven- 
tional oil circuit breakers. 


It cannot be denied that oil has proven 
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to be an excellent medium for circuit 
breakers, and that it has helped to bring 
them to the present high state of de- 
velopment. Some of the advantages of 
oil may be listed as follows: 


1. Oil possesses high insulating value, or 
high dielectric strength and uniformity. 


2. Oil is a good are quenching or cooling 
medium, particularly effective when prop- 
erly controlled or directed. 


3. Behind the use of oil in circuit breakers 
exists a background of decades of experience 
and development, culminating in the present 
successful types of modern breakers. 


The disadvantages of oil as a medium 
for breakers are likewise quite real, and 
in the course of time, by comparison with 
air, may appear even greater. Some of 
these drawbacks are as follows: 


1. Oil, being inflammable, constitutes a pos- 
sible fire hazard. For outdoor breakers, 
however, this hazard is not regarded as very 
serious, and experience so far has borne this 
out. 


2. The use of oil, presents a maintenance 
problem of sizable proportions. The prob- 
lem consists briefly of the following: 


(a). The conditioning of the oil itself, in- 
cluding filtering and drying out, and the 
equipment required for that purpose. 


(b). The handling of oil, both for condi- 
tioning and for maintenance of the circuit 
breaker, and the pumping, piping, and stor- 
age facilities required. 


(c). The longer time and increased cost for 
breaker maintenance resulting from above 
oil-handling problems and requirements. 


Viewing the comparison from the 
standpoint of possible future war condi- 
tions, oil circuit breakers may present 
other serious disadvantages. Also, the 
normal fire hazard from oil circuit break- 
ers may be substantially increased by 
greater duties accompanying the more 
rapid growth of systems, and possibly by 
the necessity for larger physical concen- 
trations or greater crowding of oil circuit 
breakers, 


Object of Tests 


While the principal burden of carrying 
out circuit-breaker development work 
must of necessity fall on factory high- 
power testing facilities, nevertheless it is 
a fact that the best and most satisfying 
proof of performance of a high-capacity 
interrupting device comes from tests 
made on a system large enough to supply 
at least full rated interrupting current 
under actual operating conditions. 

The value of high-speed reclosing of 
high-voltage circuit breakers is becoming 
more widely recognized and the demand is 
increasing for circuit breakers capable of 
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Table I. 


RMS Current 
(Amperes) 


No. Operation Closing 


Opening 


Three-Phase 138-Kv Interrupting Tests 


Megavolt- Breaker 
Amperes Arc Length Operating 
at —_ Time 
138 Ky (Cycles) (inches) (Cycles) 


ee eee ee 


* Indicates 15-second duty cycle. 


performing this duty. In order to find 
wide application, therefore, any new 
type of circuit breaker must be capable 
of clearing a fault promptly, reclosing 
preferably in less than 20 cycles, and then 
clearing again in the event the fault on 
the line still persists. 

The circuit breaker field test program, 
therefore, consisted of two parts: 


1. Interrupting tests. 
2. Reclosing tests. 


The test breaker was rated 138 kv, 
1,500 megavolt amperes, 8 cycles with a 
reclosing time of 20 cycles. All tests 
were made at approximately 138 kv. 

As in the case of both the 1930 tests, 
and the 1937-1938 tests, these tests were 
conducted at the Philo plant on the sys- 
tem of The Ohio Power Company. The 
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system setup was substantially the same 
as that shown in Figure 4 of the reference 
paper describing the 1937-1938 tests,5 
and for that reason will not be repeated 
here. As in the case of previous tests, 
the system connections in so far as pos- 
sible were so arranged that service areas 
near the Philo plant would not be directly 
connected to the short-circuited bus, ex- 
cept on the final, full-capacity shots. 
Service disturbances were thereby kept 
to a minimum. A view of the breaker 
setup for test is shown in Figure 3. 


Results of Tests—Breaker 


The results of the first series are shown 
in Table I. Except for the first prelimi- 
nary test, they were all three phase-to- 
ground tests, the tabulated values of cur- 


Figure 3 (left). 
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rent and operating time being maximums 
of the three phases. All tests were made 
as originally scheduled in a total elapsed 
time of eight hours, during which there 
was no inspection of the breaker. Tests 
10-11 and 16-17 were made on the stand- 
ard duty cycle with a 15-second interval. 
During none of the tests was there any 
visible fire from vents of the interrupting 
units. On the closing-opening tests there 
was a moderate flash from the discon- 
necting switch contacts, but after ten 
such operations, of which seven were 
practically at or above full rating, the 
blades showed only moderate burning, 
and so located as not to interfere in any 
way with their current carrying ability 
or other normal function. 

Following this series of seventeen tests, 
an inspection of the contacts and inter- 
rupting chambers showed them to be in 
such condition that they were all put 
back in for the reclosing tests without 
dressing up or replacement of any parts. 

During this first group of tests covering 
a range of duty from 10 per cent to 125 
per cent of the interrupting rating of the 
breaker, the operating time, measured 
from energizing the trip coil till the arc 
was interrupted ranged from 4.6 to 6.3 
cycles, including a dead time (to contact 
separation) of approximately 4 cycles. 

It has been shown that in service the 
minimum reclosing time, without in- 
creasing the probability of restrike, is a 
function of the duration of the original 
fault, hence of breaker operating time as 
well as relay time. This gives added 
impetus to the desire for a fast clearing 
breaker. Prior to the reclosing tests, it 
was found possible to make a substantial 


Test setup of 138-kv breaker at the Philo plant 


Figure 4 (below). Diagram of breaker performance for both interrupt- 


ing and reclosing tests 


X-INTERRUPTING TESTS 
O-RECLOSING TESTS-FIRST OPERATION 
@-RECLOSING TESTS-SECOND OPERATION 


BREAKER “RATING 
1,500 MVNA. 
‘ 1 


INITIAL IN ARG CURRENT—RMS KILOAMPERES 


TRANSACTIONS 3 


reduction in the breaker dead time by 
some simple changes and adjustments, 
thereby reducing the maximum breaker 
time to approximately five cycles. 

The results of the reclosing tests are 
shown in Table II. During tests 18 to 
22 inclusive, difficulties with the tem- 
porary control system prevented obtain- 
ing complete operation, but did give 
some interrupting operations showing the 
effect of the improvement in contact 
parting time. These control difficulties 
were remedied, and tests 23 to 25 were 
completed. In the first operation in 
each of these tests marked ‘‘a” in the 
Table, the fault was initiated by a backup 
breaker and cleared by the test-breaker 
interrupting units. The reclosing con- 
trol was so arranged that instead of the 
normal sequence of opening the isolating 
switch next, the blast valve was promptly 
deenergized, thus cutting off the inter- 
rupting air, and allowing the arcing con- 
tacts to reclose. This reestablished the 
fault, causing operation of the protective 
relays again, opening the blast valves a 
second time, this time followed by the 
conventional operation of the isolating 
switch. After final adjustments, the 
reclosing time (defined as that measured 
from energizing the trip coil until the 
breaker arcing tips contact on reclosing) 
ranged from 17.7 to 20 cycles. Test 23 
represented interruption of light current 
followed by reclosure on what corre- 
sponds practically to normal load current, 
whereas test 25 demonstrated that the 
breaker could interrupt a current ap- 
preciably beyond its rating, reclose into 
that fault in less than 20 cycles, and 
interrupt again with the same operating 
time for the second operation as for the 
first. 


Following these reclosing tests, the 
contacts, which had been subjected to a 
total of 25 operations, were somewhat 
rounded off, but had not suffered any 
measurable loss of length. The throats 
had been enlarged in diameter !/15 inch. 
As in the previous inspection, all parts 
were suitable for further operation with- 
out replacement. 


The chart shown in Figure 4 gives a 
complete record of all tests showing the 
operating time of each individual pole 
unit against current interrupted. Both 
the first and second operations on the 
reclosing tests were included in order to 
determine if there was any significant 
difference in time between them. The 
effect of the change in dead time between 
the interrupting and the reclosing test is 
clearly shown since the overall breaker 
time for the reclosing tests ranged from 
3.8 to 5.2 cycles compared with a maxi- 
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mum of 6.3 for the previous 17 interrupt- 
ing tests. 

Figure 5 is an oscillogram from closing- 
opening test 15, interrupting 1,800 mega- 
volt amperes; this may be considered typi- 
cal of the performance on the first series. 
Figure 6 shows the results of test 25 in 
the reclosing series, interrupting 1,770 
megavolt amperes, reclosing in 17.7 
cycles and then interrupting 1,870 mega- 
volt amperes. 


Results of Tests—System 


By comparison of the results obtained 
on these tests, as shown in Tables I and 
II, with the results obtained on the 1937— 
1938 tests,® it will be seen that the total 
operating time of the air-blast breaker, 
particularly in the series of straight in- 
terrupting tests, was somewhat longer 
than the corresponding breaker time of 
the multiple-break breaker in 1938. 
For example, on the heavier shots on the 
oil circuit breaker, breaker time was on 
the order of 4 cycles, while the duration 
of short circuit, including relay time, was 
approximately 5 to 51/2 cycles. In the 
air blast tests, however, the actual 
breaker time for the heavy shots varied 
between 5 and 6.2 cycles; after adding 
relay time of approximately 1 cycle, this 
represented a maximum duration of more 
than 7 cycles. 

As a result of the longer duration of 
short circuit on these tests, it was to be 
expected that the disturbing effects on 
the system would be somewhat greater 
than those experienced in 1937 and 1938. 
That this was actually the case was evi- 
denced by a number of reports from 
nearby areas which would be most affected 
by the final tests involving a complete 
system short circuit. These reports were 
concerned almost entirely with the shut- 
ting down of motors having instantaneous 


undervoltage protection. Certain clay 
products plants, glass plants and other 
industrial plants were affected in this 
manner. 

For the reclosing tests, which were be- 
gun on June 8 and completed on June 22, 
the operation of the breaker, as well as 
the tripping relays themselves, was some- 
what speeded up so that the duration of 
short circuit was more or less comparable 
to that obtained in the 1937-1938 tests. 
For this reason, system disturbances 
were expected to be materially reduced 
and, in fact, were intended to be practi- 
cally eliminated by stopping the tests 
short of the full system capacity and 
keeping the nearby connected areas en- 
tirely isolated from direct connection to 
the short-circuited bus. This plan, how- 
ever, was frustrated by a most unusual 
mechanical failure in the operating ar- 
rangements of a three-pole disconnecting 
switch which inadvertently left the main 
and reserve busses tied together, thereby 
subjecting the test breaker and the sys- 
tem to a full short circuit. Since the 
mechanical failure in the control of this 
disconnecting switch occurred beyond 
the motor-operated control mechanism, 
both the switchboard control light indica- 
tion and the motor-mechanism check in- 
dication showed the switch to be open, 
whereas the blades of the switch were 
actually closed and making contact, al- 
though not completely driven home. 
While the test as planned would have 
subjected the breaker to an ultrahigh- 
speed reclosing duty at approximately 
its full rating of 1,500 megavolt amperes, 
this incident resulted in giving the breaker 
a reclosing shot at nearly 2,000 megavolt 
amperes instead. 

As is to be expected, the voltage dis- 
turbance on the 138-kv system, at the 
time of short circuit at Philo, tapers off 
as points more and more remote from 


Table Il. Three-Phase 138-Kv Reclosing Tests 
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* Test breaker did not trip. 
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** Test breaker did not reclose. 
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Philo are considered. This was seen 
from the records taken on the perma- 
nently installed automatic oscillographs 
at Lima, Howard, and Torrey substa- 
tions. An indication of the relative 
severity of voltage dips was also obtained 
from recording voltmeter charts taken 
at various locations, although the ac- 
curacy of these comparisons is question- 
able because of the variable damping 
characteristics of the different instru- 
ments. 


Discussion of Results 


As compared with the time which has 
been spent in developing oil circuit 
breakers to their present state of satis- 
factory performance, it is remarkable 
that in such a comparatively brief time 
an entirely new principle of arc interrup- 
tion has been developed and incorpo- 
rated in a successful breaker which gives 
substantially five-cycle performance on 
its first real system test. In other words, 
while it took thirty years to get the 
present five-cycle oil circuit breaker, 
this has been practically realized with 
air blast in some two years of develop- 
ment work. 

This comparison may appear even 
more striking when it is pointed out that 
in all previous field tests on oil circuit 
breakers on this system, it has never 
been possible to complete an initial 
series of tests on a new design without 
disclosing some difficulty in the breaker 


ee 


Figure 5. Oscillogram from test 17 


Open-close-open _ operation 
1,860,000 kva 


interrupting 


itself, not of basic importance, it is true, 
but still sufficient to prevent the comple- 
tion of the tests until such difficulties 
were remedied. These tests on the air- 
blast breaker were, therefore, the first 
series of tests which was ever under- 
taken on the American Gas and Electric 
Company systems in which the breaker 
in its original condition successfully com- 
pleted an entire scheduled series without 
any adjustments, difficulties, or inspec- 
tions throughout. It is true that on the 
reclosing tests it was not possible to com- 
plete the program as first planned, but 
this was due entirely to external relay 
characteristics which had nothing to do 
with the breaker itself. With proper 
adjustments in the relay setup, tests were 
carried through without incident. This 
is believed in itself to be an unusual per- 
formance in the light of past experience 
with oil circuit breakers and in view of 
the radically new design of circuit breaker 
being tested. 


Conclusions 


1. The high-voltage air-blast breaker 
tested has demonstrated an interrupting 


Figure 6. Oscillogram from test 25 
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performance at least the equivalent of 
that expected from any modern oil 
breaker of conventional design. It may 
reasonably be expected that present ideas 
entering into mechanical design and 
construction will undergo changes during 
the next few years, but a successful inter- 
rupting principle has again been estab- 
lished beyond doubt. 

2. With the extension of ultrarapid 
reclosing applications on the American 
Gas and Electric Company systems, the 
adaptability of any high speed breaker to 
reclosing is obviously an indispensable 
qualification. The present  air-blast 
breaker has this inherent adaptability, as 
demonstrated by tests at reclosing speeds 
at least equal to, and at short-circuit 
duty far beyond, any similar tests ever 
made on oil breakers. Based on pre- 
vailing standards, the interrupting rat- 
ings of 138-kv oil breakers are subject to 
a reduction of 15 to 25 per cent when ap- 
plied on 20-cycle reclosing service. Al- 
though it may be too early to form definite 
conclusions, even a conservative inter- 
pretation of these test results points the 
way to a probable downward revision of 
such derating factors as applied to air- 
blast breakers in the future. 

3. The current-transformer problem 
is decidedly more complex for the air- 
blast breaker than for the conventional 
oil circuit breaker since the relatively 
simple and economical procedure of ap- 
plying bushing current transformers to 
oil circuit breakers cannot be carried out 
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in the case of the air-blast breaker. It 


would be highly desirable, therefore, in 


the interests of the future development of 
this type of circuit breaker, if a more 
economical solution of this problem than 
the separate current transformer could 
be found. 

4. The success of this development on 
138 kv points encouragingly to the pros- 
pect of developments at higher voltages, 
such as 230 kv, or even higher. The 
economic picture here might be even 
more favorable to the air-blast breaker, 
considering the physical dimensions and 
large quantities of oil required in the 
conventional breakers for such voltages. 

5. As regards the possible difficulties 
in what may be considered an experi- 
mental period in the use of air and the 
equipment required for handling the air, 
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there is no doubt that practical experi- 
ence is needed. The only way to get 
this, of course, is through trial installa- 
tions. This will be done with this 
breaker and, it is hoped, with others, with 
the view of acquiring the necessary field 
experience to handle air successfully. 

Fortunately, the existence of reliable 
oil circuit breakers makes it possible to 
carry out such a program at least in the 
moderately high-voltage class like 138 kv, 
systematically and without delay, but 
unhurriedly. 


References 


1. A CoNSERVED-PRESSURE AIR-BLAST CIRCUIT 
BREAKER FOR HicGH-VoLTAGE Sz#rRvicz, W. K. 
Rankin and R. M. Bennett. AIEE TRransac- 
TIONS, volume 60, 1941 (May section), pages 
193-7. 


2. Tssts on Hicu- anp Low-VoLTAGE OIL CirR- 


Sporn and Strang—138-Kv Air-Blast Circuit Breaker 


cuit BREAKERS, Philip Sporn and H. P. St. Clair. 
AIEE Transactions, volume 46 1927, pages 
289-314. 


3. Om Crrcuit-BREAKER TESTS—PHILO—1930. 
Philip Sporn and H. P. St. Clair, AIEE TRANSAC- 
TIONS, volume 50, 1931, pages 498-505. 
Crrcuit-BREAKER FreLtp Tzsts, R. M. Spurck 
and H. E. Strang. AIEE TRANSACTIONS, volume 
50, 1931, pages 513-31. 


4, EXPERIENCE WITH ULTRAHIGH-SPEED RE- 
CLOSING oF HiGH-VOLTAGE TRANSMISSION LINES, 
Philip Sporn and C. A. Muller. AIEE TRANs- 
ACTIONS, volume 58, 1939 (December section), 
pages 625-36. 


5. TESTS AND PERFORMANCE OF A HIGH-SPEED 
MULTIBREAK, 138-Ky Ort CrrcuiT BREAKER, 
Philip Sporn and H. P. St. Clair. AIEE Trans- 
ACTIONS, volume 57, 1938 (December section), 
pages 696-705. 

A New MuLTIBREAK INTERRUPTER FOR FAST- 
CLEARING CrrcuIT BREAKERS, R. M. Spurck and 
H. E. Strang. AIEE TRANSACTIONS, volume 57, 
1938, pages 705-12. 


6. Five Ygars’ EXPpgERIENCE WITH ULTRAHIGH- 
SPEED RECLOSING OF HIGH-VOLTAGE TRANSMIS- 
sion Lines, Philip Sporn and C. A. Muller. AIEE 
TRANSACTIONS, volume 60, 1941 (May section), 
pages 241-6. 


ELECTRICAL ENGINEERING 


C. R. ATKINSON 


ASSOCIATE AIEE 


Synopsis: The need for an improved 
method of measuring starting torque of 
large induction starting synchronous motors 
as compared to the power input and dyna- 
mometer methods, has led to the use of the 
acceleration oscillogram. A low ripple, 
permanent magnet type d-c generator is 
driven by the motor, and traces a time-speed 
‘oscillogram, from which acceleration, and 
the torque producing it, may be calculated. 

Comparative torque tests, at full and re- 
duced voltage, made by this and the other 
methods on the dynamometer coupled 
motor, showed the definite advantage of 
the acceleration tests in combined conven- 
lence andaccuracy. Interesting facts about 
synchronous motor starting torques, not 
accurately shown by previous tests, have 
been brought to light. The acceleration or 
‘deceleration oscillogram is also applied to 
the measurement of torques or losses of 
very small high-speed motors by using other 
methods of rotation indication, involving 
no loading of the motor. 


“SPHERE has been need in our motor 

testing departments for a simpler and 
more accurate means of obtaining speed- 
torque curves of various types of motors. 
Particularly this need has been felt in the 
a-c synchronous motor section, building 
synchronous motors (induction starting) 
‘of from approximately 25 to 1,000 horse- 
power rating. 

Two methods have been used, one 
based on measurement of power input, 
and the other on the dynamometer. The 
first is rather inaccurate because several 
variable factors can be accounted for only 
in an arbitrary manner, and the second in- 
volves a rather elaborate test setup, in- 
‘cluding a dynamometer of sufficient 
torque to load the motor at all speeds. 

The method we will describe gives re- 
sults of accuracy comparable to the dyna- 
mometer test. It is taken at full voltage 
with no corrections, and requires only a 
simple test setup. It is based on the 
simple principle that the torque developed 
in a motor while accelerating from stand- 
still to full speed is absorbed by friction 
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The | Bereleration:Oscillogram Method 


of Motor-Torque Measurement 


E.G. DOWNIE 


ASSOCIATE AIEE 


and windage and acceleration of the rotat- 
ing parts. If only useful output torque is 
to be determined, friction and windage are 
not considered, and the required results 
are obtained from acceleration figures 
only. 


The Tachometer Generator 


Speed-acceleration data may be ob- 
tained graphically from a_time-speed 
curve, or directly from the proper electric 
circuit. The first requirement in produc- 
ing an accurate time-speed curve is a 
tachometer generator which produces a 
d-c voltage, free from commutator and 
rotational ripple, exactly proportional at 
all times to the rotational speed of the 
motor. Any ripple in the voltage becomes 
confused with pulsations from actual 
speed surges in the starting motor, and 
makes the resulting curve difficult to 
analyze. 

The use of a satisfactory d-c generator 
has largely made possible the accurate re- 
sults we have obtained. The generator is 
a permanent magnet field type, specially 
built with a large number of commutator 
segments for minimum commutator ripple 
and the best possible armature construc- 
tion for low rotational ripple. With a 
100-microfarad filter condenser, no ripple 
is visible in the oscillographic trace of the 
output voltage. The coupling used to 
connect the generator to the motor must 
be rigid in torsion, and must not exert any 
axial or radial force on the generator shaft 
extension. Any deflection of the genera- 
tor shaft introduces rotational ripple. The 
coupling being used is of the common 
leather ring type, with provision for 
mounting the motor half by three tapped 
holes and cap screws on the truly faced 
end of the motor shaft. Best results were 
obtained by not clamping the generator 
too rigidly in position, thus allowing any 
slight radial deflection to be absorbed by 
the whole unit,rather than the shaft alone. 

The oscillogram method of torque test 
is especially convenient for the synchro- 
nous motor, for other starting data may be 
obtained on the film. Line current and 
field discharge current are recorded on the 
film as well as the speed indicating voltage 
from the generator. 
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Torque Calculations 
From Oscillograms 


Calculations from the time-speed oscil- 
logram begin with speed and time calibra- 
tions, in terms of revolutions per second 
per millimeter and seconds per millimeter, 
The quotient of these two is a constant 
which may be multiplied by the tangent 
of the measured slope angle of the speed 
curve at any point to determine the ac- 
celeration, The moment of inertia of the 
motor and tachometer generator (unless 
negligible compared to the motor), and 
normal full load torque may also be in- 
cluded, to give a constant to be multiplied 
by the slope to give direct values of per- 
centage of full load torque, the term com- 
monly used by motor engineers. (See ap- 
pendix A.) The speed curve is divided 
into a convenient number of equal sec- 
tions along the time axis, and the slope 
and amplitude measured at each section. 
The results are data for a complete speed- 
torque curve, percent synchronous speed 
versus per cent full load torque. 


Comparative Tests 


Asmalleducational two-unitdynamome- 
ter set was chosen for its convenience 
in illustrating this method of torque test 
and comparing the results with those of 
other methods. Both units were the same 
electrically, rated 7!/; horsepower as 
motors; but one (normally the motor) 
had a phase-shifting stator mounting, and 
the other was cradled as a dynamometer. 

The input and dynamometer test read- 
ings were taken simultaneously over the 
speed range at reduced voltage (appendix 
B). Starting oscillograms were taken at 
full and reduced voltage, with the motor 
coupled and uncoupled to the dyna- 
mometer unit. Deceleration oscillograms, 
coupled and uncoupled, gave data on fric- 
tion and windage torque at all speeds. 

Figures 1 and 2 show starts at full volt- 
age with the dynamometer coupled, from 
a standstill (1), and with the rotor coast- 
ing slowly in reverse rotation before the 
start (2). The method of Figure 2 per- 
mits the transient effect of power applica- 
tion to pass before zero speed is reached. 
The first, however, gives a better indica- 
tion of available breakaway torque. This 
transient starting torque in induction 
motors has been discussed by Wahl and 
Kilgore.! Figure 3 shows a full voltage 
start of the motor unit alone, without the 
added inertia of the dynamometer unit. 
It can be seen that for accuracy in analy- 
sis, when average torque readings are re- 
quired, the slower start, as obtained with 
added inertia, is desirable. A reduced 
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voltage start, for direct comparison 
against reduced voltage data from the 
other methods, is recorded on Figure 4. 
The tendency of the machine to hunt is 
shown on the starting curves by the speed 
pulsations above and below synchronous 
speed, which did not die out until after the 
end of the oscillogram. 

The speed-torque curve obtained from 
Figure 4 is plotted on Figure 6, with 
points added from input and dynamome- 
ter tests, all at 140 volts on the 220 volt 
connection. Agreement is fairly good be- 
tween acceleration and dynamometer 
tests but the input method does not show 
the half-speed dip in torque which is un- 
questionably present. Figure 7 is for full 
voltage starting with acceleration torque 
data from Figure 2 and added points from 

- input and dynamometer tests, with re- 
checks at some speeds, corrected for 220 
volts. Again the dynamometer tests are 
in best agreement, with input tests not 
showing the half-speed dip (appendix C). 
Acceleration oscillograms show friction 
and windage torque (both units) of 4.1 
per cent at 600 rpm and 5.8 per cent at 
1,200rpm. These values should be added 
to the acceleration torque values for exact 
comparison with input test values. 


Variations of the Method 


Acceleration may be shown directly on 
the film by passing the charging current to 


f \ \ \ \ AM V Wn awwrnann 


AIG aan a 
~ the nA Al ae 


nD 


AM WWW 


Figure 5. Starting oscillogram 

with direct acceleration indica- 

tion (coasting backward before 
start) 


A—Zero speed B—Acceleration 

a condenser (from the d-c tachometer gen- 

erator) throughan oscillograph galvanome- 

ter. It can be shown (appendix D) that: 
Acceleration 


ar ale R 1s ds 
dt? PCR Kg dt 
where 


I=capacitor charging current 
C=capacitance of capacitor 
R=total circuit resistance 
Kg=volts per revolution per second of 
generator 


The term I/(CKg) is dependent only on 
current magnitude and is obtained di- 
rectly from galvanometer deflection on 
the film. Correction for the other term 
would be tedious so it must be kept small 
by low circuit resistance and low current. 
The obvious requirement then is a high 
sensitivity, low resistance galvanometer 
element. 

Figure 5 shows acceleration by this di- 
rect method. Unfortunately, the accelera- 
tion deflection was not set high enough 
for accurate reading on smooth accelera- 
tion, but shows clearly its value in re- 
cording torque pulsations such as those in 


Figure 1. Full-volt- 

age starting with 

dynamometer 

coupled (from stand- 
still) 


Figure 2. Full-volt- 

age starting with 

dynamometer 

coupled (coasting 

backward before 
start) 


Figure 3. Full-volt- 

age starting without 

dynamometer 

coupled (coasting 

backward before 
start) 


Figure 4. Reduced- 
voltage starting with 
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C—Speed 


D A PRASA 
AN VAAN AAA ANA VAAN on AAA 


D—60-cycle timing wave 


the synchronous motor approaching syn- 
chronous speed. We have found slope 
measurement of a speed curve more gener- 
ally useful, because of simplicity of taking 
the oscillogram, ease of calibration, and 
the need for average rather than instan- 
taneous torque values. 

A speed-torque curve may be traced di- 
rectly on the screen of a cathode-ray 
oscilloscope during the starting of a motor 
by applying the tachometer generator 
voltage to one pair of plates, and passing 
the capacitator charging current through 
deflecting coils (or a shunt and d-c ampli- 
fier) to produce torque deflection in quad- 
rature with the speed deflection. This has 
been done experimentally with good re- 
sults but has not yet been applied to pro- 
duction torque testing. 

The general principle of speed oscillo- 
grams for determination of starting, and 
friction and windage torque has been ap- 
plied to a number of applications where 
the tachometer generator could not be 
used, and speed indication is obtained on 
the film by other means. Some tests in- 
volve high speeds (up to 20,000 rpm) and 
many do not permit any loading effect by 
the indicating device. Three methods 
have been used successfully: 

1. Small magnets on the motor shaft gener- 
ate a voltage in a stationary coil, which is 


amplified and applied to an oscillograph 
galvanometer. 

2. A mirror on the motor shaft reflects a 
light directly on the oscillograph film, while 
a galvanometer traces a timing wave. 

3. A mirror or shutter mechanism on the 
motor shaft controls light on a photocell, 
and the resulting impulses are amplified and 
applied to an oscillograph element. 


In all of the cases, speed is calculated at 
any point by counting revolutions per unit 
time, or measuring time elapsed per revo- 
lution. 


Conclusions 


1. Neither the power input nor dynamome- 
ter torque tests are entirely satisfactory 
in the analysis of synchronous (or induction) 
motor starting characteristics. 


2. The acceleration oscillogram torque test 


is simpler to set up and run, is taken at full 
voltage with no corrections, gives consistent, 
accurate results-through the whole speed 
range, and may be used to determine tran- 
sient as well as average torque. 

3. Variations in the method allow it to be 
applied to many types and sizes of motors, 


for determining losses as well as starting 
torques. 
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‘te i iw 
Appendix A. Derivation of Ac- 
celeration Formula 


Consider a point on the time-speed curve, 
[ millimeters on the horizontal time scale 
and V millimeters on the vertical speed 
scale, 


t= time in seconds 
r=revolutions 
k,=time calibration, seconds per milli- 
meter 
ky=speed calibration, revolutions per 
second per millimeter 
@=slope angle of curve 
WR?*=moment of inertia of rotor, pound- 
feet? 
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Figure 6. Reduced-voltage (64 per cent) 
starting torque by various methods 


G=acceleration of gravity, feet per second 


per second 
dr 
pee een 
ai o h 
ees dt=dHK, 
dt? dt 
pee SEs ake tan @ acceleration, revolu- 
dt? dHK, Ky 
tions per second per second 
WR? dr 
Torque (pound-feet) =—— X27X — 
G dt? 
2 K 
= we Mor 1400 
G h 
=K tan @ 
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Appendix B. Input and Dyna- 
mometer Test Methods 


For the input method readings the cradled 
unit with the dynamometer attachment was 
connected synchronously to a_ variable 
frequency source of sufficient capacity to 
afford practically infinite bus to the test 
machine. The motor then was coupled to 
the dynamometer and connected electrically 
to a variable-voltage 60-cycle source for 


120 


00 ACCELERATION 
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PERCENT FULL LOAD TORQUE 
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Figure 7. Full-voltage starting torque by 
various methods 


short periods during which time the input 
and torque readings were made. This setup 
should have provided an ideal arrangement 
for taking torque tests by either input or 
dynamometer method, but practically it left 
much to be desired. Briefly, the range 
of frequency control was limited, frequency 
or speed control at very low speeds (in- 
cluding standstill) was not available, and the 
torque reading on the dynamometer scale 
varied throughout a reading period, due 
perhaps to change in the torque character- 
istics of the armature and amortisseur wind- 
ings from heating. 


Appendix C. Peculiar Motor 


Characteristics Shown 


The agreement in the lower speed portion 
of Figure 7 was not good, particularly near 


Atkinson, Downie—Motor-Torque Measurement 


half speed, but this was pretty much to be 
expected. In fact, queer antics of syn- 
chronous motors at and near half speed often 
have been hard to explain in the light of 
heretofore obtainable tests. In some cases 
one was inclined to doubt the accuracy of 
the test readings, in others, the inherent ac- 
curacy of the method. We anticipate there- 
fore that this new method of recording 
torque directly and instantaneously will 
confirm some previous observations that 
one hardly dared to believe. 

For instance, some motors have shown a 
tendency to lock or synchronize at half 
speed (in fact a great many show a slight 
tendency in this respect). Others seem to 
show such a characteristic only when being 
started on a voltage considerably reduced 
from their rated voltage. A torque test 
on such a motor by the power input method, 
at more nearly rated voltage might indicate 
a peak of torque at half speed. Knowing 
when to believe such an observation will go 
far in helping to determine the cause. 


Appendix D. Derivation of Ac- 
celeration-Current Formula 


Eg=tachometer generator voltage (open 
circuit) 
Eo=capacitor voltage 
J=capacitor charging current 
C=capacitance of capacitor 
R=total circuit resistance 
Kg=volts per revolution per second of 


generator 
dr 
Ec=Eg—IR Eq=Ke=— 
dt 
CdE dEg—Rd. 
pa CoE e_ ¢ GEo Ran) 
dt dt 
re CdEg dl 
Cy dt 
CK ad ea 
Ba 
meds dt 
he Jf Tee GME Fi 
— =——+— X— =acceleration 
di aC KigitGa cr 
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Temperature and Electric Stress in 


Impregnated-Paper Insulation 


J. B. WHITEHEAD 


FELLOW AIEE 


HE effect of temperature eleyation on 

impregnated paper insulation is to 
increase conductivity and dielectric loss 
and to accelerate such chemical action as 
may be possible among the constituent 
paper, oil, and adjacent electrodes. Both 
effects increase rapidly above, say 60 de- 
grees centigrade, but are relatively small 
at ordinary atmospheric temperatures in 
dry and air-free insulation. 

The effect of high stress is also well 
known. Power-factor-voltage curves in 
thoroughly impregnated paper (no gase- 
ous ionization) are generally flat up to 
300 or 400 volts per mil at temperatures 
up to 40 or 50 degrees centigrade and at 
higher stresses rise only slightly until 
breakdown is approached. Further tem- 
perature elevation is immediately re- 
flected not only in large increases in 
power factor but in characteristic 
changes! in the shape of the power-factor- 
voltage curve. These immediate (as dis- 
tinguished from long-time) effects have 
usually been considered from the stand- 
point of the values of dielectric loss 
reached and permissible limits of tem- 
perature elevation. 

Little attention has been paid to the 
study of the long-time effect of combined 
high temperature and high stress. The 
slow increases in power factor and loss in 
cables operating at relatively low values 
of stress and temperature have usually 
been attributed to chemical changes in- 
herent in the constituent materials and to 
increasing gaseous ionization. Safe re- 
strictions are placed upon these in design 
with due reference to the influence of tem- 
perature. 

However, such time changes have been 
noted by manufacturers’ engineers but, 
as is so often the case, not published. 
Time changes in power factor in labora- 
tory samples have been reported by one 
of the present authors.42 Perhaps the 
most conspicuous data are those of Proos.3 
In a series of load-cycle studies on power 
cables he noted the following: 


(a). Electric stress at low temperature for 
long time, no permanent change in power 
factor at high stress. 


(b). Load (and temperature) cycles plus 
high stress, large permanent changes in 
power factor at high stress. 
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W.H. MacWILLIAMS, JR. 


ENROLLED STUDENT AIEE 


Proos apparently had his eye on gaseous 
ionization, and says nothing as to possible 
chemical changes. This paper reports 
the results of a careful laboratory study 
of the matter. Although only one oil has 
been studied so far, and others may show 
different behavior, the results have 
seemed to the authors so striking that 
they are being reported at once. 


Test Samples 


The tests were made on samples con- 
sisting of 10 flat circular layers of 0.004- 
inch wood pulp cable paper, specific 
gravity 0.997, made by a well known 
manufacturer. The 6.25-inch diameter 
samples were placed in a circular parallel- 
plate capacitor with brass electrodes and 
with the usual guards. The outside di- 
ameter of the high-voltage and guard 
electrodes is 5.13 inches. The capacitor 
was mounted in a Pyrex glass dish so that 
the impregnated specimen was under oil 
atalltimes. The capacitor and dish were 
mounted in an outer brass cell, with ther- 
mostatic control, which could be heated 
to 105 degrees centigrade and which could 
be evacuated to a pressure of 0.05 milli- 
meters of mercury. Connections were 
provided for measuring and for guard 
electrodes and for voltage up to 15 kv on 
the high-voltage electrode. A-c measure- 
ments were made by a transformer bridge 
modified to permit rapid determination of 
power-factor-stress characteristics. Fur- 
ther details of the capacitor and other 
auxiliary measuring equipment will be 
found in an earlier paper.? 

The oil used was prepared by a well 
known manufacturer for cables of the 
solid type. The principal properties 
are given in Table I. 

The paper in all cases was vacuum 
dried and degassed at a pressure of 0.05 
millimeter of mercury and a temperature 
of 105 degrees centigrade for 60 hours, 
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with appropriate measurements of d-c 
conductivity and 60-cycle power factor 
at intervals to insure uniformity of final 
conditions. The oil was stored in a steel 
drum under nitrogen, and as needed was 
degassed and dehydrated at 0.15 milli- 
meter mercury.2. Some of the samples 
tested were impregnated with oil which 
had been exposed for 65 hours to oxygen 
at a pressure of five centimeters mercury, 
and a temperature of 80 degrees centi- 
grade. The paper for these samples was 
dried in the usual manner, the oxygen at 
a pressure of five centimeters was ad- 
mitted to the impregnating cell, and 
thereafter the oil saturated with oxygen 
at the same pressure was admitted, 
After 12 hours air was admitted to the 
cell at atmospheric pressure and so main< 
tained for the duration of the test. Un- 
der these conditions, the oil contained 
0.7 per cent of oxygen by volume, or 
about five hundred times as much oxygen 
as that contained in the normal air-dried 
specimen. Further details as to the oxi- 
dation process and measurements may be. 
found in an earlier paper.? 


The Tests 


The principal tests were a comparison 
of the power-factor-stress and tempera- 
ture characteristics of specimens sub- 
jected to two sets of conditions, 


(a). Without electric stress, and at a tem- 
perature of 80 degrees centigrade. 


(b). Under an a-c stress of 400 volts per 
mil, at the same temperature. 


These runs lasted approximately one 
week each, and were interrupted at inter- 
vals of approximately 24 hours for the 
measurement of power-factor-stress rela- 
tions between 25 and 400 volts per mil, 
At the end of approximately a week the 
tests were interrupted and the tempera- 
ture lowered to that of the atmosphere 
and another power-factor-stress curve 
taken. The specimen was then dis- 
mantled and power-factor measurements, 
made on individual layers at atmospheric. 


Table I. Salient Properties of the Oil 
< ee a 
Pour point sclerelotelerevelersrarerete —18 degrees centigrade 
Flash point.............. 279 degrees centigrade 
Dielectric strength........ 30,000 volts per 0.1 inch 
40 Degrees 80 Degrees 
Centigrade Centigrade 
Specific gravity.....0.902 Sood ateye 
Viscosity etenshstekay spans 5.1 poises....0.2 poises 
20-minute aay { 8.6 10714 mho 
cond ictivity.)/i eee neeenans per centimeter 
Power factor... ao OF 00052e-eeee 0.0018 
Dielectric con- 
SEGIE i fetrioteieceterants CFT I ee A 2.22 
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Test 1. No Stress, No Oxycen, 


80 DEGREES CENTIGRADE 


Figure 1 shows the results of a test run 
of an air- and oxygen-free sample main- 
tained at 80 degrees centigrade for a pe- 
riod of one week. Time was measured 
from the termination of the impregnation 
period. It will be noted that the curves 
are relatively flat and of low absolute 
value. The slight increase in power fac- 
tor at 150 volts per mil over the period of 
seven days is 0.0005. The curves show 
the beginnings of a characteristic of all 
such curves at higher temperatures: 
namely, a maximum in the neighborhood 
of the stress mentioned. The power-fac- 


; 
tor-stress curve, at room temperature 


and after the test, is absolutely flat. The 


_ layer power-factor curve is in no way sug- 
gestive of action at the electrodes. 


Test 2. SUSTAINED A-C STRESS AT 
400 Votts Per Mit, 80 DEGREES 
CENTIGRADE—NO OxyYGEN 


As will be seen in Figure 2 the power- 
factor-stress curve at the start is approxi- 
mately flat at a relatively low value and 
comparable with the initial curve of test 1. 


POWER FACTOR 


| 
LAYER MEASUREMENT: 


el 


° 50 100 ©=6—150 §6200 250 300 350 
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Figure 1. Changes in power factor due to 
temperature (80 degrees centigrade) alone. 
No oxygen 


However, the curves taken on succeeding 
days 

(a). Indicate a rapid increase of power fac- 
tor with time. 


(b). Take on the characteristic form indi- 
cated in Figure 2. 


The salient features of these curves are 
the rapid increase in power factor at low 
stresses, with maximum values at ap- 
proximately 125 volts per mil, and there- 
after the continuous decrease of power 
factor up to and beyond 400 volts per 
mil. The increase in the maximum 
value is approximately linear with time 
in the lower range, with some indication 
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of a more rapid increase beyond 48 hours, 
The overall increase in power factor for 
the period of the run is 0.022, or about 
0.0056 per day, which may be compared 
with the practically negligible increase 
of test 1 (not greater than 0.00013 per 
day). The power-factor-stress curve at 
atmospheric temperature, after the test, 
is close to the initial curve at 80 degrees 
and rises slightly with increasing stress, 
this indicating a permanent change in the 
dielectric as a result of the run at high 
stress and 80 degrees centigrade; compare 
with Figure 1, Again the layer power- 
factor curve contains no special suggestion 
of action at the electrodes. 


Test 8. SuSTAINED A-C STRESS AT 
400 VoLtts PER Mi, 80 DEGREES 
CENTIGRADE, No OxyYGEN 


Figure 3 shows three power-factor- 
stress curves on a specimen similar to that 
in test 2. Results similar to those of test 
2 were obtained in this test which was 
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Figure 2. Changes in power factor due to 


combined temperature (80 degrees centi- 
grade) and stress (400 volts per mil). No 
oxygen 


continued to 112.9 hours. After 112.4 
hours at 400 volts per mil, curve A was 
taken. After an additional half-hour at 
400 volts per mil, stress was removed, and 
after a further period of 20 hours without 
stress curve B was taken. After a further 
24 hours without stress curve C was 
taken. The three curves of Figure 3 in- 
dicate that, while rapid increases in 
power factor accompany any prolonged 
application of stress, these increases cease 
almost immediately upon removal of 
stress. The high values reached appear 
to be permanent, indicating a definite de- 
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terioration of the insulation. Changes in 
the power-factor-stress curves at decreas- 
ing values of temperature following a run 
of 91 hours at 80 degrees centigrade and 
400 volts per mil are indicated in the 
curves of Figure 4. As seen, the charac- 
teristic maximum in the power-factor 
curves does not appear below 60 degrees, 
There is, however, the suggestion that 
these maxima might appear at 60 degrees 
centigrade (or lower), if the stress were 
carried to higher values. 


Test 4. Sustarinep A-C Srress at 400 
VOLTS PER Mit, 60 Decrees CEnrTI- 
GRADE, NO OxyGEN 


The procedure in this test was identical 
with that in test 2, except that the sus- 


0.040 
0.035 
a 
Fe) 
= 
O 
< 
Ww 
a 
3 
se) 
a 
0.030 
0.025 
0 100 200 300 400 500 
STRESS — VOLTS PER MIL 
Figure 3. Changes in power factor after re- 


moval of stress (80 degrees centigrade). No 
oxygen 


A—112.4 hours under stress 
B—112.9 hours under stress, 20 hours off 
C—112.9 hours under stress, 43.9 hours off 


tained temperature was 60 degrees centi- 
grade. The results of the test of 92 hours 
duration are shown in Figure 5. The 
trend of the power-factor-voltage curves 
is similar to that found for the tempera- 
ture of 60 degrees in Figure 4. Moreover, 
there is the steady increase of power factor 
with time at each value of stress. The 
increase is practically uniform as shown 
by the graph giving the increasing values 
at 125 volts per mil. The rate of increase 
of power factor, 0.000336 per day, is 
noticeably less than the corresponding 
figure of 0.0056 per day for temperature 
80 degrees centigrade found in test 2. 
In this case the power-factor-stress curve 
at room temperature was perfectly flat, 
at the approximate value 0.003, as com- 
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Figure 4. Changes in power factor with tem- 
perature after removal of stress. No oxygen 


monly observed for all specimens through- 
out the course of the work. 


Test 5. Susramnep A-C Stress at 400 
VoLTs PER Mit, 40 DEGREES CENTI- 
GRADE, No OXYGEN 


In a similar series of tests over a period 
of seven days the power-factor-stress 
curves are all approximately flat and have 
approximately the same value, the curves 
being grouped irregularly within the 
range 0.0027 and 0.0035 at 125 volts per 
mil. No uniform variation was found, 
and for the purpose of discussion in this 
paper, it is assumed that the time varia- 
tion of power factor in this test is negli- 
gible. (0.00011 per day overall average 
as compared with 0.0056 per day for 80 
degrees at 400 volts per mil.) 


Test 6. OxycGENn, No STRESS, 
80 DEGREES CENTIGRADE 


This specimen was impregnated with 
oil which had been saturated with oxygen 
at a pressure of five centimeters mercury 
and a temperature of 80 degrees centi- 
grade for 65 hours; impregnation also 
took place in an atmosphere of oxygen 
under the same pressure. The power- 
factor-stress curves over a period of seven 
days are shown in Figure 6. The steady 
rise in power factor (0.0017 overall) is 
more than three times greater than that 
of Figure 1 (0.005), which may be at- 
tributed to the continuous process of 
oxidation. There is also a suggestion 
of the appearance of maxima similar to 
those in Figure 2. The decrease in 
power factor between curve ‘‘0” day and 
“1” day is due to the change of atmos- 
phere from oxygen at five centimeters to 
air at a pressure of 76 centimeters of mer- 
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Figure 5. Changes in power factor due to 

combined temperature (60 degrees centi- 

grade) and stress (400 volts per mil). No 
oxygen 


cury. The curve for 25 degrees centi- 
grade following the main test remains at 
low value, but shows an upward tendency 
at higher stresses. 


Test 7. OxyGEN, 400 VoLTs PER MIL, 
80 DEGREES CENTIGRADE 


The specimen was impregnated with 
oil saturated with oxygen at a pressure of 
5 centimeters of mercury and 80 degrees 
centigrade, as in test 6, and subjected to 
sustained stress at 400 volts per mil for 
116.5 hours. Figure 7 shows the power- 
factor-stress curves. The curves for 
“0” hour and that at 25 degrees after 


test, are practically coincident with 
that of test 6 (oxygen, no stress). 
Otherwise, the behavior is closely 


the same as test 2 (stress, no oxy- 
gen), the characteristic maxima appear- 
ing at about the same values of stress, 
and the rate of overall time increase being 
slightly lower than that for the oxygen- 
free specimen. The time increase of 
power factor is closely linear in each case, 
being 0.0056 per day for the oxygen-free 
specimen and 0.0051 per day for that con- 
taining oxygen. The curve for layer vari- 
ation of power factor again shows no evi- 
dence of electrode activity. Figure 8 
shows the power-factor-stress curves at 
decreasing values of temperature follow- 
ing the time-run at 80 degrees. The 
behavior is closely the same as that shown 
in Figure 4. 


RATE OF POweER-FaActTorR INCREASE 
VERSUS TEMPERATURE—No OxyGEN 


In Figure 9, based on the data of the 
foregoing tests, the rate of increase in 
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POWER FACTOR 
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Figure 6. Changes in power factor due to 
oxidation at 80 degrees centigrade 


power factor per hour under sustained 
stress at 400 volts per mil is plotted as 
ordinate with temperature as abscissa. 
As will be seen, an appreciable steady in- 
crease is found at 60 degrees, the hourly or 
daily rate increasing rapidly above that 
temperature, the increase between 60 de- 
grees and 80 degrees being approxi- 
mately seventeen times. 


Discussion of Test Results 


The outstanding result of the tests is 
the very great increase in the time rate of 
increase of power factor, when high tem- 
perature and high stress are applied si- 
multaneously, over the rates observed 
when the effect of each is observed sepa- 
rately. The relative rates of power-factor 
increase are: at 80 degrees centigrade 
and no stress, 0.0005 per week; at 80 de- 
grees centigrade and 400 volts per mil, 
0.0392 per week, an increase of at least 78 
times in the rate of power-factor increase 
This figure is startling. Temperatures up 
to 80 degrees centigrade are not uncom- 
mon in high voltage cables. While 400 
volts per mil is somewhat high, stresses 
up to one-half that value are now in use, 
the higher values are spoken of. 

The question immediately arises as to 
the nature of the underlying phenomena. 
Within the ranges of temperature and 
stress here studied, there is a uniform 
linear rate of increase of loss, hence of 
conductivity, hence in the number of free 
ions present. Apparently oxygen plays 
a relatively small part, an increase of 500 
times in the amount of oxygen actually 
causing a slight reduction in the rate of 
power-factor increase (which suggests the 
elimination of possible small active com- 
ponents). We thus fall back on the ques- 
tion of possible interaction among the 
three constituent materials—paper, oil, 
and metal. 

It has long been known that oil with- - 
drawn from contact with paper and metal 
electrodes suffers a deterioration as indi- 
cated by increased values of power factor 
and loss. Whitehead and Jones? made 
separate studies of the influence of the 
contact of oil with paper, with brass, and 
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Figure 7. Changes in power factor due to 

combined influence of stress, temperature, and 

oxidation. Oil contains 0.7 per cent by 
volume of oxygen 


with both, and found that the increase in 
power factor over the range 20 degrees to 
80 degrees centigrade was greater than 
the changes caused by 0.013 per cent by 
volume of oxygen in the oil. Thus, even 
with substantial amount of oxygen in the 
oil, observed values of the rate of deterio- 
ration up to 80 degrees centigrade are en- 
tirely accounted for by the contact of the 
oil with paper and with metal. 

It is commonly assumed that there is no 
inherent electrolytic dissociation in insu- 
lating oils. Chemists are very positive in 
their statement that pure hydrocarbon 
liquids are free from such dissociation and 
that insulating oils should also be found 
in this class. However, it is well known 
that most such liquids, and certainly the 
purest insulating oils, have some residual 
conductivity. This has commonly been 
attributed to residual electrolytic impuri- 
ties, but all attempts to identify such im- 
purities, to measure them, and to elimi- 
nate them, have failed, and the liquid still 
shows a residual conductivity. On the 
other hand, some chemists‘ have main- 
tained that all such liquids should show 
some electrolytic dissociation and con- 
ductivity, albeit of very low values. 
More recently,® studies of the large in- 
crease of conductivity of insulating liquids 
in contact with metals and under high 
stress have been attributed to large in- 
creases in the electrolytic dissociation 
within the liquid. 

If an electrolytic dissociation for an in- 
sulating oil is admitted, an explanation of 
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Figure 8. Changes of power factor with tem- 
perature after removal of stress. Oil contains 
0.7 per cent by volume of oxygen 


the results of this paper seems to be within 
sight. The powerful influence of tem- 
perature in increasing electrolytic disso- 
ciation is well known. If to this we add 
the effect of high stress as a powerful in- 
fluence for upsetting the stable equilib- 
rium of a complex oil molecule, it is easy 
to see that in the combined influence of 
temperature and stress we might find 
some form of cumulative increase with 
time of the number of ions present. The 
deteriorated condition at high tempera- 
ture appears to remain when the stress is 
removed. When the temperature is low- 
ered loss and power factor are greatly 
reduced but the oil does not return to its 
original condition. This behavior is not 
inconsistent with the tentative picture 
presented. 

It is a suggestion, therefore, of this 
paper, that the results reported are due 
to the fact that the oil itself has, or per- 
haps acquires as a result of contact with 
paper and metal, an inherent electrolytic 
dissociation, and that the rapid changes 
due to the simultaneous application of 
temperature and stress are due to the 
well known influences of these conditions 
on electrolytic action. 

The shape of the power factor-stress 
curves of Figures 2 and 5 may be ex- 
plained as follows: increasing stress in 
the low range is accompanied by increase 
in the lengths of the excursions of the free 
ions present in oil spaces, and conse- 
quently increases in conductivity and 
loss. However, as the voltage increases, 
more and more ions reach the paper bar- 
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Figure 9. Rates of increase of power factor 
due to combined influence of stress and 
temperature 


riers until all are active in each cycle, and 
the loss component tends to a limiting 
value. The capacitance component of 
the current increases with stress and ulti- 
mately more rapidly than the loss com- 
ponent. Consequently, with increasing 
stress the power factor passes through a 
maximum and then begins to decrease as 
shown, Power factor-stress curves of 
this shape were reported by one of the 
authors in an earlier paper,! and sub- 
stantially the same explanation suggested, 
C. G. Garton and P. Boning have also 
discussed curves of this type. 

It is hoped to continue similar studies 
with other oils. 


Conclusions 


1. Chemical instability and deterioration 
of impregnated paper insulation, due to the 
combined influence of temperature and elec- 
tric stress, may begin earlier and increase 
more rapidly than commonly supposed. 


2. Using a high grade insulating oil and a 
standard cable paper, the time rate of in- 
crease of dielectric loss, at 80 degrees centi- 
grade and 400 volts per mil, is over 50 times 
greater than the rate of increase at 80 de- 
grees without stress, or at 400 volts per mil 
stress and temperature 40 degrees centi- 
grade. It is recognized that different values 
may pertain to other oils. 


3. Oxygen plays only a relatively small 
part in the chemical changes in the oil here 
reported. 


4. It is suggested that the behavior re- 
ported is due to electrolytic dissociation in 
the oil, inappreciable at low stresses and 
temperatures, but increasing rapidly for 
values which are now being approached in 
the operation of high-voltage cables. 
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Progress Report of D-C Testing of 


Generators 


E.R. DAVIS 


ASSOCIATE AIEE 


Synopsis: For many years the company 
with which the authors are associated en- 
deavored to find some satisfactory method 
of testing generator insulation in the field. 
With this in mind, it was decided to experi- 
ment with higher d-c potentials. Several 
d-c testers were built and a series of tests 
made. This paper describes the progress 
during the first ten years of testing genera- 
tors in the field with high d-c voltage. 


Testing Equipment 


3,000-VoL_t D-C TrstTER 


3,000-volt d-c tester was built in 

1931 using the simplest of rectifying 
tube circuits. This tester consisted of two 
rectifying tubes, filament and plate trans- 
formers, and necessary rheostats for volt- 
age control. For purpose of measuring 
leakage current through armature insula- 
tion to ground, a milliammeter was used. 
A voltmeter was installed for measuring 
applied potential. Rheostats were in- 
stalled in the input side of the filament 
and plate transformers which permitted 
close control of d-c test voltages from 0 to 
3,000. 


8,000-VoL_t D-C TESTER 


Due to the need for a higher test volt- 
age, an 8,000-volt, one-kilowatt tester, 
Figure 1, was built in 1934, using prac- 
tically the same rectifying tube circuit 
as the 3,000-volt tester. This tester per- 
mitted testing with d-c voltages ranging 
from 0 to 8,000. 


14,000-Vo_tr D-C TESTER 


In order to obtain capacity and voltage 
believed necessary to test the larger capac- 
ity units, a 14,000-volt 2-kw tester was 
built in 1940, Figures 2, 3, 4, and 5, using 
a standard bridge rectifying tube circuit. 


Test Procedure 


3,000-VoLt Trstrs 


The first routine tests were made April 
6, 1932, on armatures of 3,750-kva 2,300- 
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in the Field 


M. F. LEFTWICH 


ASSOCIATE AIEE 


volt generators and on 18,750-kva 6,600- 
volt generators. The d-c test voltage 
applied was 3,000 for the 3,750-kva gen- 
erators and 2,500 for the 18,750-kva gen- 
erators. Test voltage between winding 
and ground was applied and gradually in- 
creased, the milliammeter being observed 
closely for any indication of excessive 
leakage or breakdown, until specified test 
voltage was reached at which point the 
current was read and recorded. The test 
voltage was then removed and generator 
armature grounded to discharge winding. 
If, however, during the initial application 
of test voltage, evidence of undue leakage 
or breakdown was noticed, test voltage 
was immediately removed and reapplied, 
slowly increasing voltage to determine the 
point at which this indication was ob- 
served. 


8,000-VoL_t TEsTs 


A new series of tests was instituted 
June 12, 1934, using same procedure and 
recording milliampere readings as de- 
scribed before. The d-c test potential ap- 
plied on these tests was as follows: 


3,000 volts for generators rated at 2,300 
volts. 


lO VOLT 0-8000 VOLT 
A.C INPUT D.C.OUTPUT 
Figure 1. Schematic diagram of high-voltage 
d-c tester 
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8,000 volts for generators rated at 6,600 and 
13,000 volts, > 


After considerable experience in testing 
and recording data, using both 3,000 and 
8,000 volts, it became apparent that the 
spot readings which had been recorded 
heretofore were not indicative of the true 
insulation resistance or characteristics. 
Consequently, a series of special tests was 
undertaken in order to determine the time 
necessary for initial charging of the wind- 
ing at various temperatures (Figure 6) be- 
fore the true insulation leakage current — 
could be accurately observed. D-c po- 
tential was gradually increased to the 
specified test voltage and then held con- 


Ulli 


Figure 2. Testing instruments showing carrying 
case 


stant continuously on the armature for 
remainder of test with a current reading 
recorded at the end of the first minute of 
the specified test voltage application and 
continuing with each minute of test. The 
specified test voltage applied for this 
series of tests was 3,000 for the generators 
rated at 2,300 volts and 8,000 for the gen- 
erators rated above 2,300 volts. In addi- 
tion to current readings, data on relative 
humidity, barometric pressure, and core 
iron temperature were also recorded. The 
generator winding was grounded prior to 


‘beginning of tests and also between each 


five- or ten-minute test of a series. 

From experience it was found that high 
per cent relative humidity during test peri- 
ods has no bearing upon the test readings 
provided the temperature of the generator 
under test is higher than ambient. How- 
ever, if any outdoor bus is included in the 
test, high per cent relative humidity will 
cause the milliampere readings to increase 
sharply, thus giving false indications of 
insulation leakage or resistance. 

The age of insulation appears to have 
no effect upon the magnitude of milli- 
ampere test readings except in a new ma- 
chine or new windings in old machines. It 
is evident that the new insulation goes 
through an aging process and becomes 
dryer, This aging condition is illustrated 
by curves, Figure 8. 
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Results 
3,000-VoLt D-C Trsts 


During the course of the first routine 
testing, one breakdown occurred on a 
3,750-kva, 2,300-volt bar-wound genera- 
tor at a d-c test potential of 2,500 volts, 
On inspection of the point of breakdown, 
it was apparent from the condition of the 
surrounding insulation that leakage had 
been occurring at this point for some time. 
Eventually, the winding would have failed 
at this point with probable severe damage 
to core iron and adjacent coils. One new 
armature bar was installed in repairing 
the generator. 

An 18,750-kva 6,600-volt lap-wound 
generator broke down on d-c test at 1,500 
volts. The generator was then tested with 


a conventional tester which showed the 


insulation resistance to ground to be 150 


-megohms. The insulation of this winding 


consists of partly mica and partly var- 
nished cambric which is more commonly 
known as ‘‘composite”’ insulation. Upon 
close inspection of the winding, a broken 
piece of core iron was found to have cut 
into a coil. The probable reason break- 
down did not occur while generator was in 
service was that this coil was located near 


Figure 4, Field test- 

ing of an 18,750- 

kva 6,600-volt gen- 
erator 


grounded neutral. Six new coils were in- 
stalled in repairing the generator. 


8,000-VoL_t D-C Tests 


The use of the higher d-c test voltage 
proved beneficial in that several cases of 
excessive leakage were observed on routine 
test, which would not have been notice- 
able had the lower test voltage been used. 
In one case, the milliammeter read off- 
scale, 100 plus at 4,000 volts on routine 
d-c test of an 18,750-kva 6,600-volt lap- 
wound generator, when for this generator 
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Figure 3. Portable 14,000-volt rectifier with cover removed 
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the current, as indicated from test records, 
should have been approximately 0.12 milli- 


ampere at 8,000 volts, In this generator 
the insulation in the slot portion is mica 
and the coil ends are of class A (fabric). 
This reading immediately indicated seri- 
ous leakage to ground. The phases were 
separated and leakage located in slot por- 
tion of a coil midway between top and 
bottom of core iron. Upon examination 
of coils when generator was dismantled, it 
was found that at some time a nut had 
dropped down between the rotor and 
stator while generator was in service, cut- 
tinginto core iron and coil insulation in the 
front of the coils (Figure 7) but not quite 
through to the copper. Four new coils 
were installed in repairing the generator. 
In another case, on 8,000-volt d-c test 
of an 8,000-kva 11,000-volt turbogenera- 
tor, the current reading was 8.5 milliam- 
peres which began climbing steadily after 
about 15 seconds from beginning of test 
and had increased to 16.0 milliamperes 
within one minute; therefore, the test 
voltage was removed. The test voltage 
was reduced to 4,000 and the current read- 
ing remained constant at 3.7 milliamperes 
for the entire ten-minute period of test 
voltage application. Next, the test volt- 
age was increased to 6,600 at which the 
initial current was 6.5 milliamperes but 
began to rise rapidly as before, so test volt- 
age was removed. Finally, the test volt- 
age was slowly increased from zero in 
order to determine at what applied d-c 
voltage the current to ground began to in- 
crease, and this was found to be at 6,500 
volts. The generator lead cables were dis- 
connected and the generator was again 
tested with breakdown occurring at 3,500 
volts. The end connectors were removed 
and the generator tested at 8,000 volts 
with the current varying from 2.64 to 2.5 
milliamperes at 58 degrees centigrade 
within the standard ten-minute test pe- 
riod. Upon examination of the end con- 
nectors there was evidence of slight arcing 
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Figure 7. Mechanical damage to a large 
generator which was located with d-c tester 


from one end connector to metal support- 
ing bracket. The end connectors were re- 
_ paired and replaced and final test at the 
_ end of the ten-minute test period at 8,000 
volts showed a current leakage of 0.84 
 milliampere at 23 degrees centigrade. 


— 14,000-VoLtt D-C Tests 


Up to the time this paper was written, 
no higher d-c test voltage than 8,000 has 
been used. However, all d-c tests since 
1940 have been made using the 14,000- 
volt test apparatus. Itis planned at some 
later date to make tests on the 13,200-volt 
machines at nearer rated voltage than has 
been done before. The results of these 

_ tests when they are performed are merely 
a matter of conjecture, but from previous 
experience in testing, it is believed that 
the higher d-c voltage will prove more 
satisfactory than that used at present on 
the higher-voltage machines. 


In1TIAL H1iGH CHARGING CURRENT 


The curves shown in Figure 8 illustrate 
initial high charging current with the cur- 
rent gradually decreasing to a constant 
value and remaining constant for several 
minutes toward the end of the standard 
ten-minute test period. These curves are 
quite interesting because they were taken 
from the time the generator was new, June 
28, 1938, up to January 3, 1941. Curves 
1, 2, and 3 show the average of periodic 
tests, and, from a study of these curves, it 
is evident that the insulation leakage cur- 
rent has made a noticeable decrease over 
an operating period of approximately two 
and one-half years. The foregoing curves 
are of a generator rated at 68,750 kva 
13,200 volts, having an average loading 
factor during this period of 95 per cent. 
The insulation of this generator is con- 
tinuous mica tape, ASA classification B. 
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Figure 8. Periodic tests showing insulation 
characteristics of a 68,750-kva 13,200-volt 
generator armature 


Number 1—June 28, 1938—46.8 degrees 
centigrade coil temperature 


Number 2—March 2, 1940—48.9 degrees 
centigrade coil temperature 


Number 3—January 3, 1941—50.0 degrees 
centigrade coil temperature 


In all tests represented by curves shown, 
an attempt was made to duplicate as 
nearly as possible the temperature condi- 
tions of previous tests. 


DEFECTIVE AUXILIARY APPARATUS 


Defective apparatus was found on test 
such as metering and synchronizing po- 
tential transformers, cracked bus insula- 
tors, and, in one case, an insect’s mud nest 
on bus insulators caused high milliampere 
readings. In another case, a defective 
13,000-volt potential transformer was 
found on a routine d-c test at 8,000 volts. 
The milliampere readings were found to 
increase steadily with each minute’s dura- 
tion of test voltage application. The 
curves shown in Figure 9 illustrate this 
condition as compared with previous test 
on this particular generator. This in- 
crease immediately indicated trouble be- 
cause, as has been shown previously, the 
current is higher at the beginning of the 
test, dropping to a constant value as the 
test period continues. The potential 
transformer fuses were removed and the 
current immediately dropped to 0.10, 
showing definitely that the excessive leak- 
age was due to the defective transformer. 


TEST SUMMARY 


A summary of the d-c testing in the 
field by the company with which the 
authors are associated is shown in Table I, 
in which the total number of tests and 
failures is listed as compared with number 
of generators tested. 
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Figure 9. Characteristics of defective ap- 
paratus 


Curve 1— Before removing transformer fuses; 
excessive leakage indicated by increasing 
current 


Curve 2—After removing transformer fuses; 
normal leakage indicated by decreasing current 


A detailed listing of generator failures 
and some miscellaneous troubles found as 
a result of periodic high-voltage d-c test- 
ing is shown in Table II. 

The method of correlating periodic tests 
on individual generators by a comparison 
of milliampere readings and temperatures 
is given in Table III. 

The considerable variation between 
some of the periodic readings can beattrib- 
uted in most cases to long periods of com- 
plete shutdown. When any abnormal in- 
crease in milliampere readings is found, 
further investigation is carried on by test- 
ing each phase separately to ground, Dur- 
ing this test the remainder of the winding 
is grounded. This individual phase test 
has recently been incorporated as an 
annual test along with the regular periodic 
test schedule. 

A comparison of generator failures while 
in service and on d-c test is shown in 
Table IV. 


Conclusions 


In a series of periodic readings on any 
one generator at approximately the same 
temperature with identical test voltage 
applied, any change in magnitude of milli- 
ampere readings denotes a change in the 
insulation characteristics. In order to 
determine the normal leakage or to detect . 
changes in leakage current, accurate rec- 
ords must be kept of tests on each genera- 
tor so that a comparison of periodic read- 
ings may be made. 
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Table IV : 
Ee 


Per Cent — Per Cent 
Ses es Kva Failed Kva Failed Kva Failed Kva Failed 
Year Ending No. Kva in Service in Service on Test on Test 
Se eS 
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Dechold Vo2raietelesvevse = 560 0060 OBY MNS 6 Acaa0 32:7 50ers eee 3. 4 
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Averages calculated as of December 31, 1941. 
Minimum capacity of generators tested —250 kva. 
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Figure 10. Characteristics of defective insu- 
lation 


It was found that the 3,000-volt d-c 
test voltage will give excellent results in 
testing generators rated at 2,300 volts, 
3,750 kva and below. No definite conclu- 
sions have been made as to the proper test 
voltage to be used for testing larger-capa- 
city generators rated at 6,600 volts and 
above, although 8,000 volts has given very 
good results so far. 

From a series of special tests it was 
found that the length of time required for 
the current to reach a constant value 
which is taken as the criterion of insula- 
tion resistance varied with the size, volt- 
age, and coil insulation of the generators. 
Thus, the following conclusions for time 
of application of test potential were 
reached: 


Five minutes at 3,000 volts for generators 
rated up to and including 3,750 kva, 2,300 
volts 


Five minutes at 8,000 volts for generators 
rated up to and including 18,750 kva, 6,600 
volts 


Ten minutes at 8,000 volts for generators 
rated up to and including 68,750 kva, 13,200 
volts 


From a study of curves (Figure 11) it 
may readily be seen that more accurate 
readings can be obtained at the higher d-c 
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Maximum capacity of generators tested—68,750 kva. 
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Figure 11. The relation between leakage cur- 
rent and applied voltage 


voltages. This permits using a rugged, 
portable milliammeter which increases the 
practical value of the testing unit. The 
values given in these curves were taken on 
a 22,500-kva 6,600-volt hydrogenerator 
which was out of service for repairs and 
was kept heated with space heaters so that 
no change in temperature occurred be- 
tween readings. The generator winding 
was grounded for ten minutes before each 
voltage test. Each test voltage was ap- 
plied for the standard ten-minute test 
period with a current reading taken each 
minute, The final reading at the end of 
the test period under each test voltage was 
plotted so that these curves show no ini- 
tial charging current to the winding. 

It has been the ultimate goal in this 
testing to detect, if possible, insulation 
weaknesses before actual failure occurred ; 
therefore, higher d-c voltages have de- 
cided and definite possibilities in genera- 
tor testing because actual breakdown of 
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Figure 12. Defective section of coil insula- 
tion of a 12,500-kva 6,600-volt generator 
located with d-c tester 


Figure 13. Defective section of coil insula- 
tion of an 18,750-kva 6,600-volt generator 
located with d-c tester 


incipient insulation weaknesses was ac- 
complished which had hitherto not been 
done with conventional testers. A defi- 
nite indication of subsequent failure of 
generator insulation is denoted by a 
steady or sudden increase in magnitude of 
milliampere test readings during the test 
period (Figure 10). This condition, when 
found, demands immediate investigation. 
These latent weak spots were found with- 
out serious damage to adjacent coils and 
core iron, which would have occurred if 
the generator had been allowed to fail in 
service. 

From our experience in d-c generator 
testing, considerable knowledge has been 
gained concerning the causes of generator 
failures and it is believed that the begin- 
ning of a majority of generator failures 
may be traced directly to some mechani- 
cal defect. 

The testing of generators and the loca- 
tion of troubles before failure in service 
with the higher d-c voltages over a period 
of ten years has given us excellent and 
economical results. 
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BE INE sectionalizing in the main feeder 
and individual protection at branch- 


line junctions offers a practical solution to 


the problem of service interruption caused 
by overcurrent faults on distribution lines. 


_ Actual operating data have shown that as 


high as 96 per cent of all consumer minutes 
outage (minutes of outage per consumer 
per year) are caused by faults out beyond 
the substation, with 85 to 90 per cent of 
the outage time resulting from faults oc- 
curring on the primary lines. These faults 
are divided between those which persist so 
as to require servicing by a line crew (per- 
manent faults) and those which are tem- 
porary, so that they cause a negligible 
momentary opening of the circuit or a 
momentary collapse of the voltage.! 
Operating experience shows that the per- 
centage of temporary faults varies from 15 
to 85 per cent of the total,? depending on 
local conditions and the amount spent on 
such things as tree trimming and pulling 
up slack. 

The judicious use of overcurrent protec- 
tive relays and breakers, reclosers, and 
fuse cutouts depends upon a knowledge of 
the function and characteristics of these 
devices! and the relative benefit each af- 
fords. Automatic opening and reclosing 
of the circuit can be accomplished with 
all three types. The relay and some types 
of reclosers reset automatically after a 
temporary fault, whereas other types of 
reclosers and reclosing fuse cutouts re- 
quire manual resetting or the installation 
of a new fuse link after a prescribed num- 
ber of operations. Operating records 
(Table I) show that the first reclosing of 
the circuit is the most effective in service 
restoration, tapering down substantially 
for subsequent reclosures.* 

Successful line sectionalizing and branch 


Paper 42-2, recommended by the AIEE committees 
on power transmission and distribution and protec- 
tive devices for presentation at the AIEE winter 
convention, New York, N. Y., January 26-30, 1942. 
Manuscript submitted April 15, 1941; made avail- 
able for printing October 28, 1941. 


G. F. Lincs is electrical designing engineer in the 
distribution fuse cutout section of General Electric 
Company, Pittsfield, Mass. 


The author wishes to thank those who co-operated 
in making this study, especially Charles R. Craig 
who did many of the detailed calculations. 
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Overcurrent Protection for Distri- 
bution Circuits 
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protection depend on the adequacy of 
available equipment to meet operating re- 
quirements. Advancements in the design 
and manufacture of fuse links for distri- 
bution cutouts have made them approach 
the high degree of accuracy and depend- 
ability of the induction relay.4 Service 
records of selectivity of operation over 
four or five years are being secured with 
fuse links connected in series and in series 
with relays, revealing no improper opera- 
tions. 

The major problem is, therefore, when 
and how best to apply these different de- 
vices to provide the best service continu- 
ity that can be justified economically. 
There is a real need for actual operating 
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Individual branch line protection 
added to 30-mile feeder 


Figure 1. 


Branches located at center of feeder for 
average of even spacing along feeder 


Total Length of Line 


data evaluating the benefits numerically. 
This would provide information on the de- 
vices under the differing conditions of the 
various systems, It would not, however, 
give a comparison of the relative benefits 
of the different devices under identical 
conditions. It seems there is little pros- 
pect of an early investigation being con- 
ducted in service to determine this rela- 
tionship, so a mathematical study has 
been substituted. Naturally, this study is 
limited by the very rigidity of the assump- 
tions, even though they are made as 
closely as we know how, to operating ex- 
perience. However, we believe the study 
should provide a greater knowledge of the 
relative improvements in service continu- 
ity provided by available equipment. 
This will aid in the selection and applica- 
tion to suit the needs and economics of a 
particular circuit. 


Calculations and 
Presentation of Data 


Separate studies were made on two dif- 
ferent setups of the distribution lines, 
namely: one for branch protection, as in 
Figure 1, and another for line sectionaliz- 
ing with protective devices connected in 
series, as in Figure 2. Using the assump- 


22-2 
NO SECTIONALIZING 
| SECTION 30 MILES 


L | SECTIONALIZING POINT 


2 SECTIONS 15 MILES EACH 


L 2 SECTIONALIZING POINTS 


3 SECTIONS 10 MILES EACH 


U 3 SECTIONALIZING POINTS 


4SECTIONS 7.5 MILES EACH 


U 4 SECTIONALIZING POINTS 


5 SECTIONS 6 MILES EACH 


No. 1-Mile 5-Mile 10-Mile 
Branches Branches Branches Branches oe pe eS ee eee 
3) SM as SAN el 
SECTION MILES EAC 
eens ae Sawites BOsisn hse 30 saipacl 
ted tio cp Oe Ore PRES LENS 40 i ; e : 
ID Me sioaia axe 6.5 SAG A OG 7 AO Sei .airaiiete 50 6 SECTIONALIZING POINTS 
Sl ctecatansbatela sje ae SS eva easiats Ay er¥s avatars eee 60 7SECTIONS 4.286 MILES EACH 
pS OPEN Pan Sg sendin peels: BO!) oatacvane 70 ? ; ; ade : . 
SO ees Sliabemener ifort Sane 80 Figure 2. Line sectionalizing with protective 
Diciaer Pevgxe # BO seat ¥ 60. sss ees 70 devices connected in series on 30-mile line 
Table |. Distribution-Feeder Oil-Circuit-Breaker Operation Analysis * 
1935 1936 1937 Thkree-Yr Total 
Breaker No. of % of No. of % of No. of % of No. of % of 
Held on Faults Total Faults Total Faults Total Faults Total 
pee ee 
Ist reclostire...<...<. TOGS* pO las ae otos 23 OBige ac Oe eOlseineipresue 1 SES ats =e) -837.. 59.1 
2d reclosure......... SA seh Bie ede welts 20 POTD i da ated De cole nigh eiae tory pielsrets 66.. 11.6 
3d reclostre......... eerste Sn eece Rein ale 11 GuGiisinin es 17 fT) lta sok ala elle 36.. Hee 
4th reclosure........ Hoe mt UMC iin 2 FAIS 6 oc SOOO OCIS OTC DIOID De IO ON CRC On ICR Cats OKT 1 0.2 
Tock Obits o:-cees e ste 40. DaAG qetsettaans 40.. Poa Ne Br hois cy 50 YAO iste a aoe 130.. 22.8 
Bs tet hee ire Hye HGS eevee OONOla srepershttel.s 167 SOOO score sien 240 POO Orr ec pia sks 570 100.0 


* From operating experience of the New York Power and Light Corporation, Albany, N. Y., covering por- 


tions of the lines to first sectionalizing point on the feeder. 


The values after ‘‘reclosure’”’ indicate the num- 


ber for which service was restored, or after “lockout” the number for which a permanent outage occurred. 


Lincks—Overcurrent Protection 
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THE ‘YARDSTICK 
PERMANENT 
FAULTS ALONE 


OUTAGE DUE 
TO“ PERMAN- 


CLEARED WITH NEGLIGIBLE 
.MOMENTARY OUTAGE 


PER CENT CONSUMER-MINUTES OUTAGE 
(PER CENT OF THE “YARDSTICK”) 


ORR MoUs as iG 7 are aa 
NUMBER OF BRANCHES 
Figure 3. How to read the curves of Figures 
4 to 13 inclusive 


The curves shown duplicate those of Figure 4 
for a nonreclosing substation breaker and 
single-element fusing at the branches 


The ‘‘yardstick’” equals the best service con- 
tinuity obtainable with substation equipment 


alone (see Table Il) 


The upper pair of solid-line curves gives con- 
sumer minutes outage without branch protec- 
tion and the lower pair of dash-line curves 
with branch protection. The important ob- 
servations to be made in this and succeeding 
figures are (see reference figures on curve): 
1. That the consumer minutes outage for the 
actual substation protection alone is higher 
than the ‘‘yardstick’’ because the breaker trips 
on some or all temporary faults as well as on 
permanent faults (see assumptions and Table IV 
in the appendix) 
2. The improvement over actual substation 
protective equipment alone 
3. The improvement over the ‘‘yardstick’’ 
4. The improvement when permanent faults 
alone produce outages with branch protec- 
tion—or line sectionalizing (this may be the 
improvement over the ‘‘yardstick’’ or over the 
actual substation protection) 
5. The consumer minutes outage for manual 
restoration of service because temporary faults 
actually cause prolonged outages by tripping 
both the breaker or the branch or line sec- 
tionalizing device (note that for branch pro- 
tection Figures 4 through 9, this is less than 
observation 1) 
These observations can be converted into 
actual numerical values, as: 
Per cent of ultimate improvement attainable = 
observation 2. 114—34 


Rieere aaa eo So t 
observation 4 114—24 per cen 


tions outlined in the appendix, the number 
of minutes outage per consumer per year 
(consumer minutes outage) on the whole 
circuit was determined for each type and 
for practically all combinations of types 
of protective devices now in general usage. 

Generally, the problem of whether to 
use protective devices connected in series 
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Table II. Calculated Values of Consumer Minutes Outage for Permanent Faults Alone With 
and Without Line Sectionalizing 


(Based on Assumptions as Outlined in Appendix) 


a 


Per Cent Temporary Faults 


25 50 60 75 85 0-99.9-+ 
*Per Cent 
Number of Sec- Consumer Minutes 
tionalizing Points Consumer Minutes Outage for Permanent Faults Alone Outage 
# None (the 
“wardstick’”)/tra. s+ PHA YA Meaty Qo tC MAD Bi avavere 9965205 cca. TAZEOeGe.ne 427. Duan oeisteesie 100 

MES Ar sini at IAN, circ oi WS6S8awar ae OL Be cits HOOO RO eeieores 456 .07..<50.0. O73 Os jm atoms 64.0 
Bhar tena d aeete easiest ees L1Oo: . ee pas TDS. stu 66255220 SEO) 2c tacts 2280 scores 53.3 
CPieuc cw thn ecaehbech Oe Rta 025s Siw ye BS2 ira eck 1 BOP sips O42 0 nine UG Dio teanets ates 48.0 
¢ Laan) enc TAO tT OO DBE tiptsasie BSocrsaaa BADD svi sous SUGiO. ems 189.0). Sapa aioe 44.4 
AD Gertie ae ahay vier Boban ate ay ott G06 9 mee O02e chan: AQ, Diasictenahe D020 us sake 131.0 no.cenpe ee 42.3 
h Woe heacen far aren Kiar Sia Peer aan BSBige chats 4 OL eo re iveretens 20 Bh aw ate DBO re eerenstene 40.9 


Table Ill. 


Actual consumer minutes outage calculated for setup 


* Per cent = 100 


The ‘‘yardstick’’ 


Consumer minutes outage caused by permanent faults alone with line sectionalizing 


=100* 


For example: 


=for 1 sectionalizing point 25% temporary faults— 


=for 1 sectionalizing point 75% temporary faults—— 


Consumer minutes outage caused by permanent faults alone without line sectionalizing 


(or branch protection) 
1,363 
2,137.5 
456.0 


56. 
= 64.0 
12.0 7 


= 64.0% 


# In a corresponding table for branch protection, the consumer minutes outage equivalent to these values— 
for ‘‘permanent faults alone’ with no branch protection will vary with each different length and number of 


branches and will thus compensate for the increasing length of the total line (Figure 1). 


Consequently, the 


percentages can be compared, as in Figures 4 to 9, inclusive, to determine the relative improvement. 


Maximum Number of Sectionaliz- 
ing Points Possible With One-, Two-, and 
Three-Element Cutouts 


To Secure Proper Sequence of 


Operation 
*Maximum 
Minimum Number Sec- 
Spread Be- tionalizing 
tween Fuse Points 
Type of Cutout Ratings Possible 
One-element........ Every second \ 7 
rating 
Two-element........ tEvery sec-\ Generally 7 
ond (some- (sometimes 
times every between 4 
third) and 7) 


Three-element re- \ 


Every third or 
closing x 


fourth rat-{ #30o0r 4 
ing 


* Based on 14( N) ratings of fuse links available from 
10 to 100 amperes; 10-ampere assumed to be 
minimum sectionalizing fuse employed. 


} See reference 7. 


# Always at least one less than for two-element 
cutouts, 


on the main feeder or on the branches 
centers around the advisability of com- 
bining these protective devices with non- 
reclosing equipment at the substation. 
Thus the “yardstick,” chosen for compari- 
son of the relative values of the different 
equipments and applications, relates 
everything to the best service continuity 
obtainable with substation protection 
alone, that is, without any line sectionaliz- 
ing or branch protection. 

In determining the best service con- 
tinuity, it was taken into consideration 
that something might be done about auto- 
matic restoration of service after tem- 


Lincks—Overcurrent Protection 


porary faults, but permanent faults re- 
quire the time and the work of a line crew 
before service can be restored. Thus 
when the consumer minutes outage caused 
by ‘“‘permanent faults alone”’ is the “‘yard- 
stick,” it represents the minimum con- 
sumer minutes outage that can be at- 
tained with substation protection alone. 
Such a ‘“‘yardstick”’ is universally applic- 
able to any system and, therefore, was 
used as the 100 per cent base to which all 
types of protection were related in terms 
of a percentage of this base. 


Per cent = 100 


Actual consumer minutes outage calcu- 
lated for specific setup 


The ‘‘yardstick’’ 
=100X 


Consumer minutes outage caused by per- 
manent plus temporary faults for any 
specific system setup 


Consumer minutes outage caused by 
permanent faults alone with no branch 
protection or line sectionalizing 

Comparisons made in terms of this per- 
centage tend to eliminate the effect of 
variations of actual practice from the 
assumptions employed in the study, in so 
far as this is possible. With any specific 
system setup, comparisons to the ‘‘yard- 
stick,” to each other, and to the ultimate 
attainable can be made of the following: 


1. The improvement obtainable with re- 


closing versus nonreclosing relays and break- 
ers. 
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2. The additional benefit with various 
amounts of branch protection or line sec- 
tionalizing. 


3. The benefit of different combinations of 
substation and line equipment. 


4. The effect of maintenance of line to re- 
duce the percentage of temporary faults. 


Curves Provide for Studying 
Individual Problems 


It will be impossible to discuss ade- 
quately in the span of one paper all phases 
of the problem covered by this study. 
Even if this were attempted, there would 
be many other questions that would pre- 
sent themselves in actual operating prac- 
tice on different systems. Therefore, 
curves (Figures 4 to 9 inclusive for branch 
protection, and Figures 10 to 14 inclusive 
for line sectionalizing with a number of 
protective devices connected in series) 
have been plotted, in view of their future 
usefulness in studying specific problems 
on different systems that may not be 
covered in the general conclusions to be 
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Figure 4 (left). Single-element fusing at 
branches with nonreclosing breaker at 
substation 


The curves for no branch protection exceeds 
100 per cent, because the nonreclosing breaker 
opens on temporary faults. Five observations 


should be made: 


1. The very large reduction in consumer 
minutes outage for the ‘‘permanent faults 
alone’ with branch protection and the very 
small additional outage time caused by the 
branch fuses blowing or breaker operation on 
temporary faults 
2. The longer branches show much greater 
benefits in reduction of outage time 
3. The spread between the curves for per- 
manent faults alone and 85 per cent temporary 
faults is substantially less for the longer 
branches 


4. The outage time due to temporary faults 
opening breakers or blowing branch fuses 
does not reach substantial values until 50 per 
cent, or until the temporary faults become 
greater in number than the permanent faults 


5. Above 50 per cent the increased outage 
time on temporary faults increases much faster 


drawn. The curves present a large share 
of the data compiled in this study, which 
may not fit a specific system exactly but 
should provide a fairly close approxima- 
tion. The curves for one particular sys- 
tem setup, such as branch protection with 
nonreclosing breakers, Figures 4 and 8, 
are all plotted on one or two curve sheets 
to permit visual determination of the rela- 


Figure 5 (lower left). Single-element fusing 
at branches with reclosing breaker at sub- 
station 


The reclosing breaker obviously reduces to a 
negligible value the outage-time when clearing 
temporary faults. Observe three things: 


1. That the outage time caused by the blow- 

ing of branch fuses on temporary faults is of 

not much importance up to 75 per cent or even 
85 per cent values 


9. That the spread for temporary faults 
covers a very narrow range and does not vary 
materially with the length of the branch as it 
did in Figure 4 
3. That the improvement provided by the re- 
closing breaker is not so great with an in- 
creasing number of branches, because the 
branch protective devices afford this improve- 
ment with the nonreclosing breaker 
For example, compare the top line (for 85 
per cent temporary faults) of the groups marked 
“five-mile branches all protected” in Figures 4 
and 5. With O branches the curves start at 
130 per cent in Figure 4 and at 104 per cent 
in Figure 5 or a difference (improvement) of 
96 units. With three branches the improve- 
ment is ten units (60 per cent in Figure 4 and 
50 per cent in Figure 5) and with six branches 
it is six units (84 per cent in Figure 4 and 28 
per cent in Figure 5) 
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Figure 6. Value of branch protection with 

different lengths and number of branches with 

single-element fuse cutouts. Nonreclosing 
breaker at substation 


These curves are similar to those in Figure 4, 
except that the variable is the length rather 
than the number of branches. A reclosing 
breaker at the substation would show, of 
course, the same improvement over the values 
in Figure 5 as the above shows over Figure 4. 
Observe that, while the major improvement is 
provided with branches four to ten miles in 
length, there is an appreciable gain over sub- 
station protection alone, even with branches 
one mile long especially where there are 
several of them 


tive benefits with different equipments, 
percentages of temporary faults, lengths 
of branches, and so forth. Numerical 
values can be determined or visualized as 
described in Figure 3 on ‘‘How to Read 
the Curves.” 


The Effect of Feeders Shorter or 
Longer Than 30 Miles 


The curves in Figure 14 are intended for 
modification of the other curves (Figures 
10 to 13 inclusive) when sectionalizing 
feeders shorter than 30 miles. If the per- 
centages in Figure 14 are added directly 
to the values of Figures 10, 11, 12, and 13, 
the result will be reasonably -accurate. 
For rural feeders longer than 30 miles 
the reduction from the percentages of 
Figures 10, 11, 12, and 13 would be so 
small that they can be neglected. 


Combining Branch Protection and 
Line Sectionalizing 


Individual protection of several com- 
paratively short branches and of line sec- 
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tionalizing with overcurrent protective 
devices connected in series, was studied 
separately. The cumulative benefit re- 
sulting from a combination of these can 
be approximated. The curves for such a 
combination (drawn similar to Figures 4 
to 9 inclusive) would start at a percentage 
value for zero branches which is identical 
to that shown for the degree and type of 
sectionalizing employed in Figures 10, 11, 
12,and 13. The whole curve would not be 
moved down bodily as the improvement 
would decrease with an increasing number 
of branches. 

With a circuit comprising several long 
branches, the effect of the individual 
branch protection will be governed by the 
data in curves of Figures 4 to 9 inclusive. 
The use of devices connected in series on 
individual branches should be studied by 
treating each branch separately in accord- 
ance with the data in Figures 10 to 14 
inclusive. 


Some Protective Devices Can Be 
Connected in Series in Greater 
Numbers Than Others 


An important factor that should not be 
overlooked in comparing different equip- 
ments, when employed for line sectionaliz- 
ing, is the number that can be connected 
in series and still provide proper selec- 
tivity of operation®—® from the service en- 
trance fuse to the feeder relay and breaker. 
For example: 


1. Incomparing two- and three-element re- 
closing fuse cutouts, it is possible to secure 
discriminative operation with more of the 
two- than of the three-element devices con- 
nected in series. If an equal number could 
be employed, the extra reclosure of the third 
element would account for 10 to 18 per cent 
reduction in consumer minutes outage (at 
85 per cent temporary faults) tapering down 
to zero (at 25 per cent temporary faults) as 
shown in Figures 10 and 11. However, 
splitting the line up into a greater number of 
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Figure 7 (left). Partial. branch fusing, using 
similar cutout at substation—75 per cent 
temporary faults 


1 =Single-element fuse 
2=Two-element fuse 

3 =Three-element fuse 
P=Permanent faults alone 


Many rural lines employ the same type of pro- 
tection at the substation as that used on the 
branches, as is illustrated by these curves. It 
is obvious from these curves that all the 
branches should be protected. For the effect 
with less than six branches see Figure 8. Ob- 
serve that two- or three-element fuses do not 
show much improvement over single-element 
fuses 


Curves for the resetting recloser would fall 
just below those for the three-element fuses 
as in Figure 8 


sections with the two-element cutouts*~7 
(see Table III) generally affords as good or 
better service continuity than with three- 
element cutouts. Sometimes an attempt is 
made to secure closer fusing by allowing an 
individual fault to blow two or more section 
fuses simultaneously, depending on the re- 
closing fuse nearer the source of supply to 
maintain service. This voids the benefit of 
the reclosing cutout closer to the substation, 
unless all such blown fuses are always re- 
newed before an outage occurs. 


2. In regard to automatic resetting re- 
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Figure 8. Different types of branch protection 

with nonreclosing breaker at substation for 
75 per cent temporary faults 


IF a reclosing breaker were used at the sub- 
station, the curves would be shifted as in 
Figure 5. Observe that the reduction in out- 
age time by the reclosing devices below that 
provided by single-element fuse is very small, 
due to the few consumers affected by the 
outages on one branch, caused by temporary 
faults that otherwise would have had service 
restored automatically by the reclosing devices 
(this difference would increase slightly with 
85 per cent temporary faults and become 
negligible at lower percentages) 
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closers, there are several different ratings 
available, such as 3, 6, 12, 25, and 50 am- 
peres. Generally, all of these will co-ordi- 
nate properly when connected in series. 
However, it is not always practicable to 
provide automatic selectivity of operation 
between the smaller size reclosers and the 
transformer fuse. This either limits the 
minimum rating of the recloser usable, and 
thus the number of sectionalizing points, or 
necessitates manual closing of the circuit 
through a fuse shunting the recloser, in 
order to blow the transformer fuse and 
thereby locate the fault. In this latter case, 
the values determined in this study do not 
apply, since the transformer faults would 
slightly increase the number of line outages 
with the reclosers, above the one per mile 
used for the other types of equipment or 
system setup. The amount of decrease in 
the value of the recloser as shown in the 
data obtained in this study, would depend 
upon the ratio of transformer-to-line faults. 
The number of transformer faults which 
would cause lockout of the recloser are, in 
general, substantially less than the number 
of line faults. 


For Reclosers Which Do Not 
Reset Automatically 


The conclusions drawn and the data in 
the curves for reclosing fuse cutouts apply 


22-9 
arte 
PROTECTED 


5-MI. BRANCHES 
10-MI. a 


85% TEMPORARY FAULTS 
Se 
PERMANENT FAULTS 
ALONE 

THE “YARDSTICK” 


| | 


4 1- ELEMENT FUSE cel 


RECLOSER 85% 
| —— BOTH 25% 


es 
Hex 
Ny 


<A 
ma \SIePERMANENT FAULTS ALONE 
cm. 
AS 


.7 

NSS | | 
5-MI. BRANCHES 
ALL PROTECTED 


pe 
10-MI. BRANCHES 
ALL PROTECTED 


0 | = 3 4555 6 if 8 S 
NUMBER OF BRANCHES. 


(PER CENT OF THE “YARDSTICK”) 


PER CENT CONSUMER-MINUTES OUTAGE 


Figure 9. Branch protective devices delayed 
beyond first instantaneous opening of reclosing 
substation breaker 


The curves start above 100 per cent at zero 
branches and 85 per cent temporary faults, be- 
cause the breaker locks out on some temporary 
faults. The curves for two- and three-element 
fuses would fall between those for the single- 
element fuse and the resetting recloser, but, 
as the range is too narrow, they were not 
plotted. The curves for 25 per cent temporary 
faults are so close to those for “permanent 
faults alone,’ that they are plotted as one’ 
curve. The curves for 50, 65, and 75 per cent 
temporary faults would fall between those for 
25 and 85 per cent about proportionately to 
those in Figure 5. Observe that here again 
the outage time is not reduced much below 
Figure 5 


ELECTRICAL ENGINEERING 


* oY 


oO any type of apparatus with an equal 
umber of reclosers and without the fea- 
ture of automatically resetting after clear- 
ing a temporary fault. 


Conclusions 


The study permits drawing general 
conclusions, which may be helpful in sys- 
tem planning. 


Is SUBSTATION PROTECTIVE 
EQUIPMENT ENOUGH? 


1. Combining overcurrent branch protec- 
tion or line sectionalizing—with reclosing 
_breakers at the substation—provides a cumu- 
lative reduction in consumer minutes out- 
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Figure 10. Line sectionalizing with single- 

element fuse cutouts and with two- and three- 

element reclosing fuse cutouts with same type 
at substation as at sectionalizing points 


1 =Single-element fuse 
9=Two-element fuse 
3=Three-element fuse 


These curves represent conditions found on 
many rural circuits where the same type of 
protection is employed at the substation and 
out on the lines. A nonreclosing breaker 
could be substituted for the single-element fuse 
at the substation without changing these curves 
but, when substituted for the two- and three- 
element fuses, would raise these curves. The 
curves exceed the “‘yardstick’’ (100 per cent) 
because of the temporary faults causing outages. 
Observe three things: 
4. The very large reduction in consumer 
minutes outage for ‘“‘permanent faults alone”’ 
with line sectionalizing, but the much greater 
increase in this outage time caused by opening 
on temporary faults by sectionalizing fuses as 
compared with branch fuses, Figure 4 
2. Single-element fusing provides an im- 
provement (for all but one sectionalizing point 
at 85 per cent temporary faults) which with 65 
per cent and lesser percentages of temporary 
faults is more than half of that obtainable 
3. Two- and three-element fuses show much 
more benefit for sectionalizing than for branch 
protection 
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age that neither method alone can provide 


Se enh curves of Figures 4 with 5, 8 with 


2. The cumulative reduction from this 
combination is not so great as with an in- 
creasing number of branches or sectionaliz- 
ing points, but a number of branches do 
provide substantial combined benefit (see 
discussion in captions of Figures 5 and 11), 


3. Overlapping the substation reclosing 
protection with line protective devices pro- 
vides some additional improvement with 
branch protection and a major improvement 
with line sectionalizing. With such over- 
lapping, the breaker trips and recloses once, 
without the branch or line protective device 
opening for all faults out to the ends of the 
line, and then the relay provides time delay, 
so that the branch or line sectionalizing pro- 
tective device disconnects the faulted por- 
tion of the circuit ahead of the second trip- 
ping of the relay. Single-element fusing at 
the branches or sectionalizing points with 
this overlapping protection approaches very 
closely to providing the minimum consumer 
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Line sectionalizing with reclosing 
breaker at substation 


Figure 11. 


1 =Single-element fuse 
29=Two-element fuse 
3 =Three-element fuse 
R=Resetting recloser 


The curves exceed the “‘yardstick’’ (100 per 
cent) with O sectionalizing points due to the 
breaker locking out on some temporary faults 
(see Table IV in appendix). The reclosing 
breaker obviously reduces to a negligible value 
the outage-time when clearing temporary 
faults with no sectionalizing. Observe: 
1. That this reduction is not so great with an 
increasing number of section points (as with 
branch protection, Figure 5), because line 
sectionalizing affords some of this reduction 
anyway, and because the benefit is restricted 
to the first section beyond the substation, which 
becomes shorter as the number of section points 
is increased 
9. That single-element fusing provides al- 
most an equal degree of improvement over the 
reclosing breaker alone as with a nonreclosing 
breaker, Figure 10 
3. That resetting reclosers show a substantial 
improvement over three-element fuses with 
temporary faults exceeding 50 per cent 
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minutes outage attainable for the specific 
system setup. 


4. Where such overlapping protection as in 
paragraph 3 reaches only part way out on 
the line, the improvement over a reclosing 
breaker will be approximately proportional 
to the percentage of the line so protected, 
that is, if half the line is so protected, the 
improvement will be about one half of the 
difference in percentages between that per- 
centage with a reclosing relay Figure 5 or 
11, and that with the overlapping protection 
covering the whole line, Figure 9 or 12 re- 
spectively. 


Or WHat VALUE IS BRANCH PROTECTION? 


1. Overcurrent protection of individual 
branches provides a greater improvement 
over substation protection alone, than is 
provided by line sectionalizing (compare 
corresponding curves Figures 4-9 with 
Figures 10-18). 


2. The length of the branch has a major 
effect on the benefit secured (see Figures 4, 
5, and 6). 


8. Protecting even a number of short 
branches provides a cumulative improve- 
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Figure 12. Line sectionalizing with reclosing 

substation breaker, set for instantaneous trip- 

ping on first opening, with all types of sec- 

tionalizing devices delayed to open only 
ahead of second opening 


1 =Single-element fuse 
9=Two-element fuse 
3 =Three-element fuse 
R=Resetting recloser 


It is assumed that all faults cause operation of 
the instantaneous trip, corresponding to 
ground relaying only. The improvement 
shown will be decreased approaching the 
corresponding curves of Figure 11, about pro- 
portionately to the percentage of faults that 
are line to line. Observe three things: 
1. The major reduction in outage time with 
all types of sectionalizing equipments, because 
this overlapping protection is the equivalent 
to adding one automatic resetting reclosure 
to the device at each section point 
2. The outage time is negligible due to fuse 
blowing or breaker opening on temporary 
faults even with single-element fuses at 65, 
and lesser percentages of temporary faults 
3. Reclosing fuses or resetting reclosers at 
the section points become effective at 75 and 
higher percentages of temporary faults 


TRANSACTIONS 23 


ment that is likely to justify at least single- 
element fusing (see Figures 4, 5, and 6). 


4, Individual protection should be applied 
to all the branches. Protecting only a por- 
tion of the branches affords less. benefit, 
Figure 7, than protecting all the branches, 
Figure 4 (see also Figure 8). 


5. Single-element fusing of branches pro- 
vides approximately 85 to 95 per cent of the 
total improvement obtainable (see value 
worked out in example in Figure 3; see also 
Figures 4, 5, and 8). 


6. Two-element reclosing fuse cutouts pro- 
vide a slight additional improvement in ser- 
vice continuity (see Figures 7 and 8). 
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Figure 13. Line sectionalizing with reclosing 
substation breaker, set for instantaneous trip- 
ping on first opening, with all types of sec- 
tionalizing devices delayed to open only 
ahead of second opening of breaker. Breaker 
protection for only half of line 


4 =Single-element fuse 
9=Two-element fuse 
3 = Three-element fuse 
R=Resetting recloser 


Quite often the minimum obtainable pickup 
current setting of the relay only permits pro- 
tecting part of the line or on delta circuits the 
overlapping protection only reaches out part 
way onthe line. These curves show the effect 
of such relaying covering the first half of the 
30-mile feeder. This does not overlap the 
sectionalizing device with just one point which 
is located at the center of the line so that the 
values under this condition are the same as in 
Figure 11. It should be noted that these 
curves are located about half way between the 
respective curves of Figures 11 and 192, or 
about proportionately to the section of the 
line on which the overlapping protection is 
provided 


7. Three-element reclosing fuse cutouts af- 
ford so little benefit over the two-element re- 
closing fuse cutout that it raises the ques- 
tion as to the justification for the extra 
premium paid for the third fuseholder, 
Figures 7 and 8. (This is true even though 
the assumptions of Table IV in the appendix 
favor the three-element device.) 


8. Reclosures which reset automatically 
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after clearing a temporary fault provide only 
a slight additional improvement over that 
accomplished by reclosing cutouts, even 
when fuses are not renewed until an actual 
outage occurs (see Figure 9). 


Or Wuat VALUE Is LINE 
SECTIONALIZING? 


1. Sectionalizing the main feeder and long 
branches with protective devices connected 
inseries generally affords additional improve- 
ment over the best service continuity that 
can be afforded by overcurrent protective 
equipment located at the substation. 


2. Sectionalizing with single-element fuse 
cutouts is generally very effective. They 


(a). Will afford the major portion of the total 
obtainable improvement at 65 or a lesser percentage 
of temporary faults with nonreclosing or reclosing 
substation breakers (see Figures 10 and 11). 


(b). Will be more effective at 80 per cent tempo- 
rary faults with the reclosing substation breaker 
which provides overlapping operation, that is, 
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Figure 14. Line sectionalizing shorter lines 


Same as on other curves so that these can be 
added directly to values in Figures 10, 11, 12, 
and 13 


tripping ahead of all the fuses on the first Soares 
tion, than three-element reclosing cutouts with a 
reclosing breaker but no overlapping protection— 
under similar conditions, at 65 or a lesser percent- 
age of temporary faults will equal the best of re- 
closing equipment without overlapping protection 
(compare Figure 12 with 11), 


(c). Require more than two points with a reclosing 
breaker or more than one point with a nonreclosing 
breaker in order to improve rather than impair 
service at 85 per cent temporary faults (see Figure 
10). 


3. Sectionalizing with two and three-ele- 
ment reclosing fuse cutouts is much more 
effective than the use of similar equipment 
for branch protection. Each affords respec- 
tively 


(a). Some additional improvement over no sec- 
tionalizing at 85 per cent temporary faults with a 
reclosing cutout or breaker at the substation (see 
Figures 10 and 11). 

(6). About 25 to 35 per cent additional improve- 
ment over the effective operation of the single- 
element fuse cutout at 75 per cent temporary faults 
with a reclosing cutout or breaker at the substation 
(see Figures 10 and 11). 


(c). About 10 to 15 per cent additional improve- 
ment over the much greater effectiveness of the 
single-element cutout at 85 per cent temporary 
faults with overlapping reclosing breaker operation 
(see Figure 12). 


The additional improvement referred to in 
(a), (b), and (c) above is in per cent of the 
ultimate obtainable between the curves for 
“permanent faults alone,” with and without 
line sectionalizing. These percentages do 
not include any of the advantages possible 
from discovery and renewal of blown fuses 
with a service interruption (see Table V in 
the appendix). 


4. Generally, two-element reclosing fuse 
cutouts are more effective than three-ele- 
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ment designs because a greater number of - 
the two-element cutouts can be connected in 
series and still provide selectivity of opera- 
tion (see Table III). Figures 10 and 11 
show this even with the more favorable 
assumptions for the three-element fuse of 
Table IV in tke appendix. 


5. Sectionalizing with reclosers, which re- 
set automatically after clearing a fault, is 
most effective at the higher percentages of 
temporary faults where the resetting feature 
has a greater opportunity to decrease the 
number of outages of long duration caused 
by temporary faults, Figure 11. 


(a). With 85 per cent temporary faults and a re- 
closing substation breaker, this amounts to 40 to 
60 per cent additional improvement over three- and 
two-element cutouts respectively (see Figure 11). 


(b). This additional ‘improvement tapers down 
from about 25 and 35 per cent at 75 per cent tem- 
porary faults, to zero at 25 per cent (see Figure 10). 


(c). With reclosing breakers at the substation 
which clear ahead of the protective devices on the 
first opening, the additional improvement is only 
about 15 to 25 per cent (see Figure 12). 


The percentages of additional improvement 
(a), (b), and (c) above do not take into 
consideration any difference in the number 
of reclosers and cutouts that can be con- 
nected in series and provide proper co-ordi- 
nation. 


SHOULD BRANCH PROTECTION AND 
LINE SECTIONALIZING BE COMBINED? 


1. There is a cumulative benefit obtainable 
by combining branch protection and line 
sectionalizing which cannot be provided by 
either one alone. 


2. This cumulative benefit is obtainable, 
whether the system comprises one main 
feeder with a number of short branches, or 
two or more long branches with a short 
main feeder. (With the latter, the branches 
would be sectionalized with protective de- 
vices connected in series.) 


3. The cumulative benefit does not increase 
directly with an increasing number of pro- 
tected branches. 


SHOULD THE PERCENTAGE OF 

TEMPORARY FAULTS BE CONSIDERED? 
1. Any decrease obtainable in the percent- 
age of temporary faults tends to permit se- 
curing an equal improvement in service 


continuity with lower cost overcurrent pro- 
tective devices. 

2. It might prove valuable to make a 
study in which the costs of improving line 
construction, tree trimming, and so on are 
compared with the savings in protective 
equipment which the improvements made 
possible. 


Use of Curves for Specific Studies 


It has been shown by this study that 
individual protection of branches and/or 
line sectionalizing can be combined effec- 
tively with the reclosing substation relay 
and breaker to reduce the consumer min- 
utes outage on distribution systems. The 
data presented in the curves should facili- 
tate the studying of specific problems. 
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may make possible more efficient 
of available equipment to meet the 
ticular needs and justifiable economics 
of different circuits and systems, 


__ Appendix. Assumptions 
Employed in Mathematical Study 


Sid. The Distribution Lines Studied (Length 


(a). In one part of the study, one to six unpro- 
tected and protected branches, each one, five, or 
ten miles in length, were added at the mid-point of 
an unsectionalized 30-mile main feeder, increasing 

he total length of line, as in Figure 1. (The dif- 
ference in total length might introduce a slight error 
in comparing the benefit provided with and without 
; branch protection, but not in comparing the rela- 
tive benefits afforded by the different equipments 
that might be employed.) Connecting the branches 
at the mid-point provided an average for an even 
spacing of the branches along the feeder. 


i4 (b). In the other part of the study, a 30-mile main 
feeder was broken up into from one to seven sec- 


_ tions by zero to six overcurrent protective sectional- 

izing devices connected in series as in Figure 2. 
- (The effect of the shorter, 5 to 30-mile feeders, was 
_ checked.) 


2. Equipment Employed. Both studies 
included checking comparative results with 
_ overcurrent protection provided by: 


_ (a). Substation breakers actuated by nonreclos- 
ing relays, automatic reclosing relays, and auto- 
matic reclosing relays which overlap all branch and 

4 line protective equipment, so that the breaker 
trips and recloses once without the branch or line 
devices opening, and then provides time delay be- 
fore the second tripping of the relay on more per- 
sistent faults; each combined with 


(6). Sectionalizing or branch-line single-element or 
two- and three-element reclosing fuse cutouts or 
reclosers which reset automatically after clearing 
a temporary fault. 


3. Number of Consumers. Three per 
mile uniformly distributed. (Any other 
number per mile might have been used with- 
out affecting the percentages used for com- 
parison.) 


4. Number and Type of Faults. One per 
mile per year uniformly distributed with 
temporary faults equaling 25, 50, 65, 75, 
and 85 per cent of the total. (One per mile 
is probably somewhat high but any other 
value might have been used without chang- 
ing the percentages used for comparison.) 


5. Attended Substation. A period of five 
minutes was allowed after the fault occurred 
for notification and for the attendant to 
close the breaker, thus restoring service if a 
temporary fault had cleared itself after the 
breaker locked open. (Notification by an 
alarm system at the substation would lower 
the percentages used for comparison to the 
extent that the manual closing of the breaker 
approached that of a momentary outage. 
Conversely, any lengthening of the time, 
such as that required to get to an unattended 
station, would raise the percentages. In 
both cases, the degree of change would de- 
crease slightly with an increasing number of 
protected branch or sectionalizing points.) 


6. Trouble Crew. Always available at 
the substation to start instantly with no 
time allowed for notification or preparation. 
(More often the crew will be out on the sys- 
tem, sometimes closer to and sometimes 
farther from the fault location, so this as- 
sumption provided an average. If any 
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longer time than the zero had been employed 
it would have indicated slightly greater bene- 
fits for branch protection, line sectionaliz- 
ing, and single-element fusing.) 


7. Locating Fault and Restoring Servic 
The trouble crew: , : 


(a). Traveled 30 miles per hour to the sectionaliz- 
ing point at which the protective device had 
opened. No time was allowed for examining sec- 
tionalizing or branch protective devices en route, 
as it was assumed these would have indicating 
features visible from the car, : 


(b). Spent five minutes to climb the pole and to 
restore service if a temporary fault had caused the 
outage at the sectionalizing or branch protection 
point. 


(c). Traveled 15 miles per hour to the mid-point 


Table IV. Assumptions and Operating Ex- 
perience on Service Restoration 


eens 
Service Restored Per Cent of Total Faults 


on Line# 

By Re- 
closing Values Used in Values From Oper- 

the Calculations ating Experience* 
Circuit (Per Cent) (Per Cent) 
Once..... Pot | PA io pl Ma Ae 50 to 60 
WACK i oS 15 Additional..... 10 to 15 Additional 
3 Times..... 5 Additional..... 5 Additional 
4Times..... 3 Additional,.... 1 Additional 


# If the percentage of temporary faults is less than 
these values, service is restored only up to the actual 
number of temporary faults. If greater than the 
sum of the percentages of restoration for that num- 
ber of reclosures, it was assumed that the remaining 
temporary faults persisted longer than the lockout 
time of the protective device, causing a permanent 
outage until the substation breaker, line sectionaliz- 
ing device, or branch protective device was closed 
manually. Thus perfect operation (“permanent 
faults alone’’ causing an outage) was assumed to be 
provided up to the sum of the 50+15+5 values or 
70 per cent of the total number of faults for devices 
which reclose three times (50 per cent for those 
which reclose once, 65 per cent for those which re- 
close twice, and 73 per cent for combinations which 
reclose four times). 


* See Table I in text and reference 3. 


Maximum advantage was given to three-element 
reclosing fuses and other multireclosing devices as 
compared with two-element reclosing fuse cutouts, 
since the ‘‘values used in the calculations,”” Table 
IV, are low for the first reclosing, and high for the 
second as compared with the ‘‘values from opera- 
ting experience.’’ Some data show as high as 75 
to 90 per cent restoration of service following the 
first reclosure. This would make all the curves for 
two-element reclosing fuses at branch or line sec- 
tionalizing points, as in Figures 7, 8, and 10 to 13 
inclusive, approach more closely the curve for 
“permanent faults alone’ for that setup. Of course, 
there would be a corresponding improvement with 
three-element fuses and resetting reclosers in ap- 
proaching or equaling the curves for ‘permanent 
faults only.”’ 


of the branch or section on which the fault per- 
sisted. The mid-point provided the average for the 
uniform spacing of faults. 


(d), Spent 30 minutes repairing a permanent fault 
with the outage persisting on the entire faulted 
portion until the fault was repaired. (The inclusion 
of some sort of manual sectionalizing or cutting out 
of the faulted portion would have decreased the 
number of consumers affected, and thus decreased 
very slightly the improvement indicated, as result- 
ing from line sectionalizing and branch protection. 
For example, if the permanent faults had been 
repaired in zero time for all consumers, the per- 
centages used for comparison would have been 
raised only about five units.) 


(e). After repairing the fault: 


1. Wither the substation attendant was notified 
instantly when he was required to close the breaker 
(although some time probably would be required 
for notification, which would have enhanced the 
value of line sectionalizing and branch protection). 


2. Or the crew traveled 30 miles per hour to return 
to the sectionalizing or branch protective device 
to restore service. 


8. Service Restoration by 1st, 2d, 3d and 
4th Reclosures was assumed to be in accord- 
ance with the values in Table IV. Service 
restoration is expressed as a percentage of 
the total faults on the line. 


9. No Inspection With Reclosing Fuse 
Cutouts Was Assumed. Because such in- 
spection would have permitted re-fusing be- 
fore an outage occurred, the data indicate 
only the minimum benefit for these devices. 
(This benefit would be increased to a degree 
approaching that of the device that resets 
automatically as such fuse renewal before 
the occurrence of an outage approaches 100 
per cent. The percentage of such discovery 
and renewal is fairly high, because linemen 
and trouble crews are on the lookout for the 
indicating devices as they pursue their regu- 
lar duties along the lines, Table V. Thus 
all reclosing fuse data are ultraconservative.) 


10. The Protective Orbit of the Substation 
Breaker (which is determined by minimum 
pickup current of the relay) included the 
whole feeder and all of the branches. In 
many instances, distribution lines have out- 
grown this orbit. Consequently, the lower 
current individual protection of the branches 
and line sectionalizing on the otherwise un- 
protected portion may prevent burning 
down lines, annealing of the conductors, and 
loss of revenue, in addition to any advan- 
tages shown by the study. Conversely, this 
lower current protection will cause some 
outages (momentary or prolonged, depend- 
ing on the type of equipment) for faults 
which would have burned clear, The com- 
bined effect of these few additional opera- 
tions will balance off to the extent that faults 
which otherwise would have burned clear, 


Table V. Operating Record of Two-Element Reclosing Cutouts on Line With Practically No 
Special Patrolling 


= ee 


Number of Temporary Faults Restored By Cutout 


Not 
; No. of Discovered Discovered iss 
Total No. Permanent Without Before 2d Total Caused 
Year Faults Faults Outage Fuse Blew Restored 4 Outage Total 
28 
OBO Pp enie tO we rislaceip erase es er Ales <0 i ee ee rt LS as cine 10) Satna 
LOO Dorset ote PV ARS L/P ICR De BT ital atons ins DTA a ratte nt HOO one aisisersic pee Sect Bete 
TOA reese OO atarecart is ole 5 Mg omar eee iS Fn wy eet AA Lai pre eee BOT eiheiisie Lb “Ay eee 
LOO Gia on tees ONSEN ee torn CTY OCTET: TOO OEE an ERT OR DA nan angie 74.5% 


Service was restored on ?/s of the temporary faults, approximately '/s being made possible by discovering 


and renewing first fuse link before an outage occurred, and !/; by the reclosing operati 
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on of the cutout. 
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Current-Transformer Performance Based 


on Admittance-Vector Locus 


A. C. SCHWAGER 


MEMBER AIEE 


Synopsis: In the past designers as well as 
users of current transformers have em- 
ployed ratio error and phase-angle curves in 
which the abscissa represents primary or 
secondary current to a linear scale. Numer- 
ous curves were necessary both for obtaining 
a clear picture of the performance character- 
istics as well as for determining the errors 
for the multiplicity of possible secondary 
burdens. Part I of this paper shows that a 
more functional picture of current-trans- 
former operation is obtained by replacing 
these commonly used curves by the admit- 
tance-vector locus of the secondary winding 
with the primary open circuited, the end 
point of the vector representing the inde- 
pendent variable in a curvilinear co-ordinate 
system. The numerous ratio and phase- 
angle curves resulting from various second- 
ary burdens and, in case of multiratio trans- 
formers, from different numbers of turns, 
when referred to this new co-ordinate system 
revert to one single curve. Ratio error and 
phase angle for any burden at any power 
factor, turn ratio, and secondary current can 
be scaled or read directly from a chart using 
as a basis the admittance vector locus of the 
steel forming the magnetic circuit of the 
transformer. For designers as well as users 
it is often advantageous to be in possession 
of analytical expressions for ratio error and 
phase angle. In part II of the paper general 
formulas are set up which express the per- 
formance in terms of the various constants 
and variables of a transformer, making it 
unnecessary to refer to charts for the analy- 
sis of important design or performance 
factors. 


Part | 


ASED on the fundamental paper by 
P. G. Agnew! published in 1911, a 
practically standard procedure of com- 
puting current-transformer performance 
has been established in the past three 


decades? consisting of the following steps: 


1. The transformer is most readily ana- 
lyzed by introducing the 1/1 ratio type in 
which the number of primary turns is made 
equal to the number of secondary turns. 


2. The above transformer can be repre- 
sented by the equivalent circuit shown in 
Figure 1 and the corresponding vector dia- 
gram Figure 2 in which 


OA =I2=secondary current 
OB=I,=exciting current 
OC=I=magnetizing-current 
of I, 
CB=I,=watt-current component of J, 
OD=I2,Rg,=voltage drop across resistance 
of burden 
DE=I,X g=voltage drop across reactance 
of burden 
EF=I,R,=voltage drop across resistance 
of secondary winding 
FG=I,X.=voltage drop across leakage re- 
actance of secondary winding 
OE=I1,Z,=E,=voltage drop across bur- 
den 
OG=I1,Z= E,=voltage drop across total 
secondary impedance 
@=phase-angle lag between E»2 and I2 
@=deviation of phase angle between J, 
and J: from 180 degrees 


component 


Ro X2 2-4 


Equivalent circuit of a 1/1 ratio 
current transformer 


Figure 1. 


cause greater or lesser consumer minutes 
outage than faults for which additional pro- 
tection is provided. No data are available 
on this relationship. However, they prob- 
ably would have slight effect on the percent- 
ages used for comparison. 
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¢o=phase-angle lag of exciting current 
referred to the reversed secondary 
voltage Ey 


3. Magnetizing and watt components of 
the exciting current are computed from 
charts showing watts, reactive volt-amperes, 
and volt-amperes per pound for the steel 
used in function of the flux density; see 
Figure 3. The conventional procedure con- 
sists of computing the voltage E» for the 
secondary current and burden for which the 
errors are to be determined, and calculating 
the flux density from 


E2108 


—) ANf 4.44 gausses ( 1 ») 


where 


A=cross section of core in square centi- 
meters 

N=number of secondary turns 

f=frequency 


and obtain J, and J, as follows: 


Tw=W/E2; Im=RVA/Ex; Ie= VA/Es 
(2) 


The curves shown in Figure 3 apply toa 
conventional grade of silicon steel and will 
be used as a basis in the following. If a 
sample of the transformer to be investigated 
is on hand J,,, I, and I, are available from 
the excitation curves of the secondary wind- 
ing.? 

4. Ratio and phase-angle can be computed 
by means of the following formulas: 


I2+Im sin 6+], cos ¢ 


KOA) SSS 3 
wi) Ig cos 8 (3) 
Im cos 6—Iy sin } 
Se 4 
Fi Ip+Im sin 6+1, cos (4) 
N 
Rw) =F RO/Y) (5) 
1 


where Ni=number of primary turns. 


Ratio error =A(1/1) =R(1/1) —1 (5a) 


In order to obtain curves showing the 
errors over a current range, the above 
procedure must be repeated for numerous 
secondary-current values. In the follow- 
ing it will be shown that a clearer picture 
of current-transformer performance re- 
sults if numerical calculations of ratio 
error and phase angle are not executed at 
such an early stage. The method used is 
similar to that of representing the per- 
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7 Figure 2. Vector diagram of 1/1 
ratio current transformer 


formance of power transformers and in- 
duction motors by means of circuit loci, or 
specifically by means of the circle diagram. 
Referring to Figure 2, extending calcula- 
tions into the complex plane, the complex 


ratio R(1/1) can be expressed as follows: , 


I = 
ee ee 1, (6) 


Since Z=E,, (6) can be written as fol- 
lows: 


I, 
RUA/1)=—1+ 2 (7) 


The vector J,/E, can be recognized as 
the negative admittance vector of the 
secondary winding with the primary 
winding open circuited; denoting it with 
Y it follows: 


R(1/1)=—-1-—YZ (8) 


The ratio of a 1/1 transformer is equal 
to the negative real number one de- 
creased by the product of the admittance 
vector and the total secondary impedance 
vector. 

It is customary to represent the per- 
formance of transformers at various fixed 
secondary burdens Zz. In bushing-type 
transformers with equally distributed 
secondary winding, the leakage reactance 
is negligible in comparison to the burden 
impedance and in wound-type transform- 
ers it can, in many cases, be considered 
constant over the normal metering range. 
Under these conditions Z remains con- 
stant when considering ratio error and 
phase-angle changes due to variations in 
the secondary current. The admittance 
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vector becomes the basic current-trans- 
former curve, curves for various burdens 
being similar. An investigation of the 
admittance-vector locus is therefore indi- 
cated. 


The Admittance-Vector Locus 


It appears advisable to refer to a spe- 
cific transformer at this time, Due to its 
most frequent use a multiratio bushing 
transformer will be investigated, but 
none of the generalities of the study is 
thereby sacrificed. The transformer has 
N secondary turns equally distributed on 
a core of 171/, inches inside diameter, 
218/, inches outside diameter, and 73/, 
inches height, giving a cross section of 
112.5 square centimeters and a weight of 
265 pounds; it is used in conjunction 
with 115-ky oil circuit breakers. The 
admittance-vector locus is determined in 
accordance with the following procedure: 

From formula 1 the flux densities B are 
determined for various assumed second- 
ary voltages E,; referring to chart, 
Figure 3, the corresponding VA/Ib and 
W/lb values are determined. The power 
factor is computed for each voltage, and 
the total volt amperes are obtained by 
multiplying the VA/Ib by the weight. 
The magnitude of the admittance vector 
is equal to 


Y= VA/E; (9a) 


If curves showing the exciting current 
and its components in relation to the sec- 
ondary voltage are available,* the admit- 
tance vector and its components can be 
obtained as follows: 


Y=I,/E:; conductance G=I,,/E2; 


susceptance B=I,,/E2 (9b) 


Figure 3 (below). Volt- 
amperes, reactive  volt- 
amperes, and watts for one 


pound of steel in relation 
to flux density 


VA & RVA PER POUND 


Figure 4 (right). Admittance 

vector Y; in mhos for one turn 

as function of volts per turn for 
115-kyv bushing transformer 


Admittance for N turns com- 
puted according to Yy=Y1/N? 


VA, RVA & W PER POUND 


For each voltage Fy the calculated ad- 
mittance vector is plotted. Due to its 
frequent use the admittance vector corre- 
sponding to one secondary turn has been 
computed and is shown in Figure 4. As 
can be seen, the locus has the shape of a 
hairpin, the admittance decreasing from 
365 mhos for approximately 0.003 volt to 
30 mhos for 1.5 volts and increasing again 
to large values for increasing voltage. 

Similarly, the phase angle with respect 
to the secondary-voltage vector (positive 
real axis) decreases to a minimum with 
increasing voltage and increases with 
further increase in voltage. It is appar- 
ent that this curve is a function of the 
characteristics of the steel only; a more 
basic curve is shown in Figure 5, where 
the flux density is chosen as the independ- 
ent variable. In the range shown the 
admittance decreases for flux-density 
values of from 10 to 5,000 gausses, where 
a minimum is reached, and increases 
thereafter with increasing flux density. 
Minimum admittance corresponds ap- 
proximately to maximum permeability 
of the steel; the right-hand branch of 
the curve indicates the region below 
saturation, the left-hand branch ‘the re- 
gion in which saturation occurs. ois the 
phase angle of the exciting current of the 
steel. It is advantageous to refer to this 
basic curve, having B or a quantity di- 
rectly proportional to B as independent 
variable. Obviously, the value of volts 
per turn E,/N is such a quantity, having 
the advantage that it is related most di- 
rectly to the important variables of the 
problem, namely applied voltage and 
secondary turn numbers. If the admit- 
tance vectors for a given core and varying 
turn numbers are compared at identical 
flux densities or volts-per-turn values, 
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then the following well-known formula 
results: 


Yy(B)= Y¥i( B)/ N? (10) 


This relation is indicated in Figure 4 
showing Y,, making it useful for deter- 
mining the admittance for any number of 
turns. In order to profit by the applica- 
tion of this equation, volts-per-turn values 
are used as independent variable in the 
following. 

Aside from its application in the follow- 
ing analysis, Figure 4 is valuable for de- 
termining the exciting-current vector in 
idle transformers in conjunction with 
multiple interconnected circuits, such as 
in bus-differential scheme protection.4 

The use of this chart shall be shown in 
conjunction with an example: 

Determine the exciting current of the 
above transformer for a voltage of 20 volts 
and 40 turns. ,/N is computed to be 
0.5 volt per turn. The resulting admit- 
tance Y,is 49 mhos; therefore 


Yao =49/40? = 0.031 mho 


and the exciting current=0.03120= 
0.62 ampere; the phase angle amounts to 
66 degrees. 


The Universal Transformer-Ratio 
Chart 


Referring to equation 8 and substitut- 
ing Y,= Y,/N? in order to generalize for 
any number of secondary turns, it follows: 

Z 
AYE SE ee (11) 

Except for constants defining the bur- 
den and turn number, the ratio is a func- 
tion of the admittance vector Y; only. 
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Figure 5 (left). Admittance vector Y, in mhos 
for one turn as function of flux density for 
115-kv bushing transformer 


Figure 6 (right). Construction of complex 
ratio from admittance-vector locus 


Magnitude of ratio R(1/1)=AB/AO, phase : 
angle 02= ZOAB 


Figure 7. Chart for calculation of ratio and 

phase angle for any number of secondary 

turns N, any total burden Z at any power 

factor and any desired secondary current I, 
provided N2/Z <1,000 


Example: N=40, Z=Q ohms, pf=0.8, 2=84 
amperes. E:/N=hZ/N=4.2 volts per turn, 
giving point B on locus. N?/Z=800, giving 
point A on 0.8 pf line. Ratio (1/1)= 
AB/AO=1.19, 06= ZOAB=9 degrees 30 


Equation 11 can also be written as 
N?2 
SS ae 
—RO/1)=— 


Z 


(12) 


The construction of the complex ratio 
R in accordance with 12 is developed in 
Figure 6 where point O represents the 
origin of the Y, plane, B the end point of 
the admittance vector corresponding to 
a given value E/N, and AO the complex 
vector N?/Z with its end point shifted to 
the beginning of the vector Y; in order to 
bring about the addition. 

The absolute value of the ratio is equal 
to R(1/1)=AB/AO 
The phase angle is equal to 9= ZOAB 

If the transformer has a single turn 

primary, the ratio according to (5) is 


R(N)=NXR(1/1) 


Using the construction shown in Figure 
6, the chart in Figure 7 has been prepared 
from which ratio and phase angle for 
various burdens, secondary turns, and 
secondary currents can be quickly deter- 
mined. , 

Assume a secondary current J2, a sec- 
ondary burden Z in ohms of power factor 
pf, and a given number of secondary turns 
N, the procedure followed is 


1. Compute volts per turn=I.Z/N and 
mark point on locus Y,; corresponding to this 
value as B. 


2. Compute N?/Z and mark corresponding 
point A at proper power factor resulting in 
True ratio= NXAB/AO 

Phase angle= ZOAB 


Except for low ratio bushing-type 
transformers, Figure 7 can be modified so 
that the ratio error and phase angle can 
be read directly off scales. For bushing- 
type transformers with a large number of 
secondary turns and for wound-type 
transformers, the phase angle 6 becomes 
so small that J, and J; can be considered 
parallel. Referring to Figure 2, the pro- 
jection OH of OB upon the secondary- 


minutes current axis divided by the secondary 
Table |. Formulas for Transformer Performance 
Flux-Density Range 
. : Low High 
Line Quantity 100-5,000 Gausses 12,000-18,000 Gausses 
LP onaenties Watt) le eae 7X1079B?2 OM LO merase 
P18 Sothoxte RVA/Ib.....,.3.5X1077 B16 ....5X10-41 B10 
Bis yet eee Gyn mbhos...... 20.6/ N2 yk aera’? 
a = 
Dee Bikar 40.2(E/ N) “4 _ 2.24% 107(E/ N)8 
N?2 N2 
Oi i reese INRICUAYY ao can 34.8(Z/ N2) {(E2/ N) ~%4+0.296} ...-1.94X1073(Z/ N2) ((E2/ N)§+3,790} 


Oa ectane: 6(min) 


eases 69,100(Z/ N2) {(E2/ N) ~-4—0.888}....3.85 (Z/ N2){ (E2/ N)§—11,370} 
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current closely approximates the ratio 

error AR=R(1/1)—1. Similarly, the 

_ projection, OK of OB, is directly pro- 
portional to the phase-angle. Figure 
8 shows the transformation of Figure 7 
for the case of ‘‘small errors” for burden 
power factors of 0.5, 0.9, and 1.0. The 
readings obtained from the scales have to 
be multiplied by Z/N*. Since Figures 4, 
7, and 8 are based on the Yj curve, they 
ean, if desired, be combined into one 
chart providing all the essential data re- 
quired for the following calculations: 


1. Exciting current of secondary winding. 


2. Ratio error and phase angle for few 
secondary turns. 


3. Ratio error and phase angle for a large 
number of turns. 


It is believed that these charts give a 
more functional picture of the transformer 
performance than the large number of 
ratio and phase-angle curves previously 
required to serve the same purpose. Es- 
sentially there exists only one curve, the 
admittance-vector locus of the core into 
which all other curves revert by proper 
transformation. The practical advan- 
tage of the Figures 7 and 8 are numerous. 
In the past relay engineers, when deter- 
mining errors for a certain burden were 
forced to interpolate from a large number 
of curves representing different burdens 
and power factors. The new methods 
give accurate values from one single 
curve which gives equal emphasis to the 
normal load and overload range. The 
problem of matching transformers be- 
comes particularly simple; ideal match- 
ing requires point A on two transformers 
to slide simultaneously over identical 
E,/N values. 

In the case of bushing-type current 
transformers used for overcurrent relay- 
ing it is not important to know the phase 
angle. Figure 8 can, therefore, be 
changed to permit the use of a linear scale 
for E./N as shown in Figure 9, which indi- 
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Figure 8 (left). Chart 
giving ratio error and 
phase angle for any 
number of second- 
ary turns N, any 
total burden Z at 
power factors of 1.0, 
0.9, and 0.5 and 
any desired second- 
ary current |, pro- 


vided  N2/Z > 
- 1,000 


Example: N=100, Z=2 ohms, pf=0.5, /= 
0.5 amperes. £2/N=/,Z/N=0.01 volts per 
turn, giving point B on locus. Project B 
perpendicularly upon 0.5 pf line in left 
quadrant giving B’; follow B’ along circle 
about O to B” and read value C,=203, giv- 
ing: AR=Z/N*X203=0.04, resulting in 
R(1/1)=1.04 and R(N)=104 


Project B perpendicularly upon 0.5 pf line 

in right quadrant giving B*; read value 

Cy=88, giving: @=3,438XZ/N?X88=60 
minutes 


cates how the Y, curve is transformed into 
the conventional ratio-error curve ‘‘a.” 
It follows that for transformers with 
“small errors” the ratio error AR for any 
number of turns and for any burden at a 
given power factor and any secondary 
current can be represented by a single 
curve in a rectangular co-ordinate sys- 
tem with linearly progressing secondary 
current scale. 

It is often preferable to know the ratio 
error in terms of primary rather than sec- 
ondary current. From curve ‘‘a” Figure 
9, which shows the ratio error in function 
of secondary volts per turn, J,Z/N, and 
therefore of J,, another curve can be con- 
structed which represents the error in 
function of the primary current. Since 
T,=(1+ AR)Is, the following relation ex- 
ists: 


I,Z/N=1+AR)IL,Z/N 


Curve ‘‘b” in Figure 10 is obtained from 
curve ‘“‘a” by determining I,Z/N for 
various [,Z/N values in accordance with 


aeene 


VOLTS PER TURM 


E2 
N 


Figure 9. Transformation of Y; curve into 
conventional ratio-error curve ‘a’; total 


burden power factor=0.5 
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VOLTS PER TURN 
a2 FOR CURVE “b’ 


lez FOR CURVE “a” 


Figure 10. Transformation of I,Z/N abscissa 
into 1,Z/N abscissa giving curve “b"’ from 
which ratio errors at given primary current can 


be read 


the above relation and assigning to the 
I,Z/N values so obtained ordinates equal 
to those corresponding to the respective 
I,Z/N or E,/N values. 

Different curves result for differing 
Z/N?* values; however, since, in standard 
multiratio transformers with burdens of 
0.5, 1.0, and 2 ohms, several combina- 
tions of burdens and turns give identical 
Z/N? values, many of the curves coincide, 
resulting in a corresponding reduction in 
the total number of curves previously re- 
quired. 

In Figures 7 to 10, Z designates the 
total secondary impedance. However, 
since, in bushing-type transformers with 
equally distributed secondary winding, 
the leakage reactance is negligible and the 
resistance of the winding is small when 
compared to the resistance of the external 
burden, Z closely approximates the ex- 
ternal-burden impedance. 

The results obtained by the use of 
these charts are identical with those ob- 
tained by previous methods. For any 
current value, any secondary burden and 
secondary number of turns, ratio and 
phase-angle values calculated from these 
charts are identical with those obtained 
by the use of previous methods.'~™ 


Part il 


Referring to Figure 5 it can be seen that 
the admittance-vector locus consists es- 
sentially of two straight lines which are 
parallel to the imaginary axis, indicating 
constant conductance for both low- and 
high-density range. It has been shown 
that the reactive volt-amperes in these 
two ranges can be closely approximated 
by formulas containing constant expo- 
nents for the flux density B.® Lines 1 
and 2 in Table I, give the formulas for 
watts/pound and reactive volt-amperes/ 
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pound applying to the steel represented 
by Figure 3. Lines 3 and 4 give the corre- 
sponding formulas for the conductance 
Gy and susceptance By respectively for NV 
turns, for the particular bushing-type 
transformer described above. Formulas 
3 and 4 can be modified to express ratio 
and phase angle in terms of the compo- 
nents of the admittance vector, and if 
the study.is limited to small errors or 
N?/Z>1,000, result in 


R(A/1)=1+ Z( By sin 6+Gy cos ¢) (13) 


6(min.) =38,4388Z( By cos $—Gy sin ¢) (14) 


Substituting for Gy and By the values 
from lines 3 and 4 of Table I into equa- 
tions 13 and 14 and limiting the investiga- 
tion to the commonly used power factor 
of 0.5, lines 5 and 6 result for ratio error 
and phase angle respectively. Although 
a wide range of flux density is omitted 
from formulation, it can be seen from 
Figure 5 that it represents a relatively 
small absolute range around the bend of 
the admittance-vector locus. A fair ap- 
proximation can be obtained for this 
range by assigning it constant values 
corresponding to the values resulting from 
B=5,000 in the low-flux density formulas 
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of Table I, lines 3 to 6 inclusive. If the 
expression E,/N is eliminated from formu- 
las, lines 5 and 6, for either of the two 
flux-density ranges, linear equations re- 
sult between AR and @ as previously 
pointed out for the low-flux-density 
range.® 


Conclusions 


From the foregoing analysis it can be 
seen that the admittance-vector locus is a 
useful means of representing current- 
transformer performance. It is advan- 
tageous to introduce volts per turn as 
independent variable. This procedure 
results in charts from which normal and 
overload performance of a _ particular 
transformer at any burden and turn ratio 
can be obtained from one single curve, the 
admittance-vector locus of the steel used 
in the core. 

A considerable saving in drafting effort 
is accomplished in case of multiratio bush- 
ing-type transformers where heretofore a 
large number of curves was required. 
If desired, reference to charts can be 
avoided by the use of simple formulas 
giving ratio error and phase angle for the 
entire load range and for any desired 
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- and S. A. Bottonari. 


turn ratio and secondary burden. This 


' study is intended primarily to present a 


new method of approach for the repre- 
sentation of current-transformer perform- 
ance. Numerous important factors, such 
as the modification of the vector locus 
due to wave distortion and methods used 
in measuring volt-amperes and core 
losses, have not been reported upon; it is 
hoped that they can be made the subject 
of a future publication. 
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: Field Tests on High-Capacity Station 


Circuit Breakers 
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Synopsis: The development of high-capac- 


ity air-blast breakers in this country has 
taken place without the -background of 
operating experience which has attended 
the use of oil circuit breakers and has, 
therefore, emphasized the need for testing 
this equipment at levels comparable with 
the assigned interrupting ratings. 

Although field short-circuit tests to verify 
circuit-breaker performance have been made 
on operating systems previously, they have 
been limited in most instances to moderate 
duty levels or, in the larger interrupting 
ratings, to the testing of high-voltage ap- 
Paratus. Staging severe short-circuit tests 
at 15 kv introduces operating problems of 
greater significance since it virtually requires 
the application of the fault to the generating- 
station bus. This paper presents: 


1. A résumé of the studies which indicated that it 
would be practicable to stage short-circuit tests 
ranging up to 2,000 megavolt-amperes directly on 
a particular generating-station bus. 


2. A description of the physical plant equipment 
assembled for test purpose. 


3. Operating experience during a series of 14 short 
circuits ranging from 200 to over 1,500 megavolt- 
amperes at 14.5 ky. 


N 1989 a trial installation of two 15-kv 

air-blast circuit breakers with a rated 
interrupting capacity of 500 megavolt- 
amperes was placed in service at the 
Waterside II station of the Con- 
solidated Edison Company of New York, 
Inc. As a result of this operating expe- 
rience a total of 24 15-kv air-blast circuit 
breakers ranging in rated interrupting 
capacity from 500 to 2,500 megavolt-am- 
peres were purchased for installation in 
the Sherman Creek station. 

The success with which the manufac- 
turers of oil circuit breakers had been able 
to predict the performance of this equip- 
ment, as the result of field tests and ex- 
trapolation of laboratory tests at lower 
levels of duty, had been generally satis- 
factory, and there was, therefore, reason- 
able expectation that the same procedure 
could be extended to the air-blast design. 
However, the guide posts were not as well- 
marked as those in the oil-circuit-breaker 
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field, and it seemed desirable to make tests 
up to the full rated interrupting capacity 
on one of the air-blast circuit breakers in 
the higher interrupting range. 

When confronted with a serious pro- 
posal to stage not one but a series of major 
short-circuit field tests, it was only natural 
that the initial reaction of the more con- 
servative minded should be one of consid- 
erable concern. The more progressive 
souls decreed that in addition to making 
an investigation of the feasibility of stag- 
ing field short-circuit tests, consideration 
should also be given to the practicability 
of exposing the entire system to the short- 
circuit disturbance, on the hypothesis 
that it would be better to learn the effects 
under controlled conditions than possibly 
to be required to encounter a similar dis- 
turbance unexpectedly. The information 
obtained as a result of the field tests 
proved the wisdom of this course of ac- 
tion. 


Preliminary Analysis 


The first approach to this undertaking 
for making tests ranging up to 2,000 
megavolt-amperes was to select the gen- 
erating plant best adapted to the purpose 
with regard to capacity in generators, tie 
feeders, switching flexibility, space avail- 
able for test apparatus, and facilities 
necessary to supply the required current 
and voltage. It was quickly ascertained 


Table I. 


that the Hell Gate station was outstand- 
ing in all the desired requirements by 
comparison with other stations in the 
system, Preliminary studies indicated 
that the mechanical stress imposed upon 
the windings of any generator would be 
not more than 50 to 60 per cent of that 
normally obtained with a short circuit on 
the generator terminals and should, there- 
fore, be within safe limits if all winding 
insulation and bracing were in first-class 
condition. Furthermore, machines in 
this station had been subjected to short 
circuits in which the calculated mechani- 
cal stresses were of the same order as 
those expected in the proposed tests, and 
these had resulted in no apparent damage. 

The second step involved short-circuit 
studies to determine the number of ma- 
chines and tie feeders which would be nec- 
essary to furnish the required test current 
at each test level, making such allotment 
of generators and tie feeders as to expose 
each machine to a minimum number of 
short circuits. It was concluded that the 
three-phase short-circuit tests should be 
undertaken with the necessary generators 
isolated from the system load, except 
through such tie feeders as might be nec- 
essary for loading machines prior to the 
application of the fault and for providing 
the additional capacity to furnish the re- 
quired fault current. This decision was 
based on two factors: 


First, a three-phase fault directly on the 
Hell Gate load bus would result in a serious 
disturbance to the low-voltage network sys- 
tem served directly from that bus at gen- 
erator voltage, and this procedure could not, 
therefore, be undertaken without annoyance 
to customers. 


Second, the effect on the system would be 
greatly diminished by the cushioning im- 
pedance of the tie feeders. Moreover this 
would be a more severe test of the system 
performance than disturbances which had 


Calculated and Actual Test Currents at 14.5 Kv 


Connected 
Three-Phase Test Current Megavolt-Ampere 
and Duration (60-Cycle Base) Capacity 
Calculated Test 
Genera- 
Test Date Duty Amperes Cycles Amperes* Cycles tors Ties 


i. 9-21-40..... Orns 5 se O00 Tereleutate 6 
Ye 9-21-40..... ete tees 000, cs wares 6 
2A....9-21-40..... co. 24,000 ...... 6 
3A....9-21-40..... COR Gin 40) 000! vate es 6 

3 ....9-22-40..... (Dstenava-e AD 000M er. oi. 6 

4 ....9-22-40..... ORAS AY OUR wr 6 
5B....9-22-40..... Onan er 80,000 2.4 
1A....5-10-41..... (OW re Jac OUR oN. COUODOURE 
2A....5-10-41..... (GO, Gh os coon OPO 
3B....0-10-41..... Oe. Ato SRO aC DOAN OOROGDG 
4B....5-10-41..... (EO) Wraps inte oietale Net Korevehe\a'6,0,'0, 0 
OGaeccis 5-10-41..... Om nates si oiatslaLé nie cnlatsieyeis\e)e\= 
OGeeen 5-10-41..... (0) eae PEO DORODOEE TODD OaE 
7D....5-11-41..... (On axes 32,000T.....- 12. 


* Initial arc current, highest phase. 
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** Current after 2.4 cycles. 


cance OA 00M a taithe COM salatansthietere ajateretevenea OU 
arataia tere PUAN goon cere Weisecician, (Ob 
vitinisteie PANU oococe <ooortnncs! Wbaroccy 0 
i axeinlats 34,000 DSi 5 ccttetaiial SSiaarererrem ol) 
Aso enc BRNO! “Ho oo oe Seinanssonlttss dauod He 
a eee ® AS OO0mmebieieree © Oni Diatiecttain 20 fete rreeOU 

65,000** 26.0 7294. ..60 160 
Bprary DEMON) Ran hoo WePasadneoollldaws coo Lv 
Anger DEMON, coco WbZioneono on Waadecc CU 
Porptecal ANN) coodos Wolo cnoanoe he aansos OY 
Seatohes ZUANNY, cagannlerrocdibooce coon 2 1 Aelv 
eSaon AN). sanno. Brspococone iad cada lao 
Saictetele 59,000 5.5 e2DA eis see LOO 
aleteetetete AMON! Coosonle Wanmocnacdietecaacsa Wl 


+ Line-to-ground test. 
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been encountered previously as a result of 
a three-phase operating failure just outside 
of a tie-feeder reactor and it would, there- 
fore, afford a measure of system performance 
under severe fault conditions. 


Since the maximum current tests were 
the determining factor governing the 
stresses on station equipment, the power 
requirements for this case were first de- 
termined. It was found that to attain 
the desired level of 2,000 megavolt-am- 
peres, it would be necessary to raise the 
test voltage from the nominal operating 
value of 13.6 kv to 14.5 kv and to use all 
of the machines that could be spared from 
service while still maintaining the desired 
reserve, This required the use of a 60- 
megavolt-ampere tie feeder to Waterside 
Station II, a 100-megavolt-ampere tie 
feeder to the Niagara~-Hudson system 
and three generator units of 43.75-, 
62.5- and 188-megavolt-ampere capacity. 
In addition, it was found necessary to 
pretrip the test breaker in order to take 
advantage of the current asymmetry. 
The calculated currents together with the 
necessary facilities in machines and tie 
feeders for the various tests are shown in 
Table I. 


A complete analysis of short-circuit 
forces was made on the connections and 
equipment of the feeder position supply- 
ing the test breaker. All calculations 
were based on the maximum peak value 
of current expected under the highest 
capacity test. Full offset at “zero” time 
was assumed and proper allowance made 
for the decay of both a-c and d-c compo- 
nents, resulting in a maximum instan- 
taneous peak current, at the first half- 
cycle following the fault, of 200,000 am- 
peres at 14.5 kv. 


Since the station buses and feeder out- 
lets are of isolated phase arrangement, 
forces arising from the interaction of 
phase currents are of little or no impor- 
tance until the several phase conductors 
converge in the station cable vault. 
The arrangement of equipment ground- 
ing coppers within the isolated phase por- 
tion of the electrical galleries was such 
that any possible failure to ground would 
require ground-current flow at right an- 
gles to the phase conductors. This 
eliminated the necessity of considering 
interaction of phase and ground-fault 
current. Consequently, within the gal- 
leries, the actual forces considered were 
only those on the test-feeder circuit, aris- 
ing from the current flow in the several 
sections of the phase conductor, as it 
looped, turned, and doubled back on it- 
self, in passing through oil circuit break- 
ers and the reactor of its own phase. 

The maximum force concentration ap- 
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peared as a cantilever load on the wall 


bushings entering the oil circuit breaker i 


compartments. This amounted to ap- 
proximately 5,000 pounds at the end of 
the bushing and normal to its axis. A 
greater force, 6,000 pounds, was found to 
act on the oil-circuit-breaker moving 
contact, tending to open the breaker 
against the restraint of its latching mecha- 
nism, 

Since the wall bushing mentioned above 
was rated by its manufacturer as able to 
withstand only about 600 pounds at the 
end of the stud, it was decided to elimi- 
nate these forces by placing a short-circuit- 
ing strap across the external bushing 
studs, removing the circuit breakers and 
reactors of the feeder from the circuit, and 
thus eliminating virtually all cantilever 
loading on the wall bushings. 


200 MVA 
TO NIAGARA HUDSON 


TO 25% 
SYSTEM 


WATERSIDE 
GEN. STATION 


TIE FORS. 


Figure 1. Simplified diagram of system con- 
nections to Hell Gate station in the maximum- 
capacity test 


Within the station cable vault, where 
the separate phase conductors making 
their exit from conduit were racked in a 
parallel flat arrangement on the wall of 
the vault, maximum instantaneous forces 
of 3,700 pounds per foot were found. In 
regions where the cables converged to en- 
ter a joint with three-conductor cable, the 
sheaths were in contact, and the maxi- 
mum instantaneous value of the forces 
tending to separate the cables was found 
to be 11,500 pounds per foot. Suitable 
wrapping and bracing were provided to 
hold these cables securely in place during 
the short circuit. Disconnecting switches 
in the test circuit, where rated below the 
expected test current, were removed and 
replaced by copper bus work. 

Concurrently with the foregoing stud- 
ies, an investigation was undertaken to 
determine the likelihood of instability 
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‘the trouble. 


between generators following clearance of 
It was assumed here that 
the fault might have to be cleared by the 
backup protection, and that the total 
clearing time would be approximately 0.5 
second. These calculations indicated 
that there would be no question whatever 
of stability, since no generator should 
swing from its initial position relative to” 
the others by more than 10 degrees. Fur-- 
thermore, the load readjustment through- 
out the system, after fault clearing, 
should not be sufficient to result in any 
material disturbance, even though the 
Waterside tie feeder should trip. The 
calculated voltage dips during the highest 
capacity fault were 18 per cent on the 
Hell Gate load busses, 15 per cent at 
Waterside II, 20 per cent at Sherman 
Creek, and 40 per cent at the Dun- 
woodie substation. A simplified one-line 
diagram of the 60-cycle system tie con- 
nections is shown in Figure 1. 


Organization 


A working committee was set up, com- 
prising representatives of the production. 
system operation, construction, technical 
service, and electrical engineering depart- 
ments of the company and also represen- 
tatives of the General Electric Company. 
Schedules and dates were set up to cover: 


A. Drawing and engineering information. 


B. Construction dates and equipment de- 
liveries. 


C. Test procedure. 


D. Personnel assignments. 


To a key man in each group was dele- 
gated the responsibility of executing the 
work assigned by the chairman of the 
working committee. Through this or- 
ganization it was possible to keep all 
work moving on schedule and settle all 
of the points, with a minimum of delay 
and with complete understanding as to 
the action to be taken by all concerned. 
This procedure was responsible for the 
success which was attained in completing 
all preparations on schedule and eliminat- 
ing confusion as to procedures and re- 
sponsibilities, during the actual carrying 
out of the test work. 


Test Facilities 


The breaker selected for test was a 
General Electric Company type A R-20- 
150 three-phase 60-cycle 1,200-ampere 
15-kv unit with a rated interrupting ca- 
pacity of 1,500 megavolt-amperes. The 
detailed description of this circuit breaker 
is covered in a companion paper,! and its 
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performance will be referred to here only 
insofar as it was concerned with the test- 
ing operations. 

One of the type H circuit breakers used 
for closing duty in the testing station of 
the General Electric Company was used 


for the same duty in these tests. This 
breaker was installed in the breaker test 
house in close proximity to the air-blast 
breaker. 

The clearance of material stored in the 
transformer and cable yard to make space 
available for the breaker test cubicle and 
other structures, at first appeared to pre- 
sent a task of gargantuan proportions, 
what with scores of cable reels, econo- 
mizer tubes, grate bars, and an indescrib- 
able assortment of material accumulated 
by a decade of ‘‘string savers.”’ At the 
very beginning, therefore, the test pro- 
gram began to pay dividends, to the de- 
light of the station superintendent. It 
made necessary a general house cleaning 
of the storage yard, by transfer of some 
of the equipment to other locations, and 
a more orderly restacking of the remainder. 

The breaker house structure, consist- 
ing of a steel framework closed on all 
three sides and the top with corrugated 
steel sheeting, was supported on a con- 
crete mat. All enclosing sides and the 
top of the structure were covered with 
two layers of sandbags, as a protection to 
numerous transformers and other equip- 
ment against damage from possible fire 
and flying debris. 

The open side of the structure was laid 
out to face a one-story brick storeroom 
structure. A barricade of two-inch thick 
lumber, erected in ten-foot sections for 
quick assembly and removal, for protec- 
tion of the observers, was placed under 
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the overhanging roof of the storeroom, 
directly facing and approximately 70 feet 
distant from the breaker house. A space 
in the storeroom, with a separate entrance 
door facing the breaker house, provided 
a convenient area for all of the magnetic 
oscillograph equipment required by the 
General Electric Company. The con- 
trol station, for operation of the closing 
breaker and test breaker, as well as the 
communication facilities, with the gener- 
ating station control room, was also lo- 
cated at this point. The remainder of 
the equipment required for the test in- 
cluded separate, standard wood construc- 
tion shanties, such as were readily avail- 
able in the market. Four such struc- 
tures were used for housing the field con- 
struction office. dark room, air compres- 
sors, and cathode-ray oscillograph. Pho- 
tographs of the breaker test house and 
the observation barricade are shown in 
Figures 2 and 3 respectively. 

An independent three-point communi- 
cation system was installed to provide 
communication between the test-control 
station in the yard, the generating-sta- 
tion control board, and the generating- 
station control-cable terminal room, 
where was located the Company’s auto 
matic recording instruments. A public 
address system was also installed, for 
information of the observers concerning 
safety regulations, announcement of test 
procedures, and the results of the various 
tests. 

A standard feeder outlet position was 
used for the test outlet from the station 
bus, and the circuit from this point to the 
breaker test house consisted of two three- 
conductor 800,000-circular-mil lead-cov- 


ered cables in parallel. 
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Figure 2 (left), Avir-blast circuit breaker installed in structure 


Control wiring and instrument wires to control station shown at 
upper left corner of structure 


Figure 3 (below). View of observation barricade 


Control cables from circuit breaker may be noted at the top 


After careful consideration, the decision 
was reached that the station breakers 
should be used for backup protection 
against failure of the test air-blast breaker 
since there was some element of risk in 
using the control breaker in the breaker 
test house, due to its close physical prox- 
imity to the test breaker, and further- 
more the control breaker might also fail 
as a result of its use in applying short cir- 
cuits. The bus setup in the station could 
be arranged so that two 5,000-ampere, 
1,500-megavolt-ampere bus-tie oil circuit 
breakers, in the section of bus to which 
the test feeder was connected, would 
divide the total test current, so that 
neither one would be subjected to a duty 
in excess of two-thirds of its rated inter- 
rupted capacity. Current transformers, 
installed on the bus section to which the 
test feeder was connected, were discon- 
nected from the bus-differential relay cir- 
cuit and connected, in such a manner as 
to totalize the total test current to a 
backup overcurrent induction relay, ar- 
ranged to trip the two bus-tie oil circuit 
breakers. These connections are shown 


in Figure 4. 


Operating Procedures 


In order to maintain suitable safe- 


guards and to avoid confusion and mis- 
understanding, the following operating 
procedure was established: 


A. A production department representa- 
tive with five assistants was stationed in the 
test area. The operator in charge of this 
group was responsible for the enforcement 
of safety regulations. He saw that the test 
area was cleared, protective barriers were in 
place, and so on, before each test. He also 
issued and cleared the necessary work per- 
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mits for inspection of the test breaker after 
each test and stationed his watchmen at 
various points in the test area before each 
test. This operator alone gave all of the 
orders to the high-voltage operator in the 
station for energizing and de-energizing the 
test feeder. Thus by delegating this 
authority to only one individual, any con- 
fliction of orders was avoided. 


B. In the electrical galleries the doors be- 
tween adjacent bus sections were blocked 
open, and qualified observers stationed in 
the gallery corridors on all floors had an un- 
obstructed view of the gallery compart- 
ments during test periods. This procedure 
provided a means of detecting the nature 
and location of any trouble and also pre- 
vented the unauthorized access of other 
personnel. 


C. A representative of the steam engineer- 
ing department was stationed at the throttle 
of each turbine, and these men were under 
instructions as to the action that they 
should take in the event of trouble develop- 
ing either on the turbine or the generator. 
The station electrical mechanics maintained 
a watch on the generator, and the generator 
cable ducts, and neutral cable duct runs, to 
watch for any indication of trouble in those 
areas. 


D. A simple signal system was set up to 
warn all concerned that a test was about to 
take place. Signals were given throughout 
the generating station ten minutes in ad- 
vance of each test. Each inspector or ob- 
server then reported by telephone to the 
high-voltage control board that he was in 
position. Five minutes before each test, a 
signal was given on the turbine-room call 
whistle and a ‘‘standby”’ signal put up on 
the signal stand on each turbine being used 
for the test. When all observers were re- 
ported as being in position, the production 
department representative in the test yard 
was notified and then proceeded to give the 
necessary switching instructions, relative to 
making the test feeder alive. One minute 
before each test communication was estab- 
lished between the production representative 
in the yard, the high-voltage operator, and 
the representatives in charge of the test 
instruments set up in the cable-terminal 
control room. Time was then counted off, 
and the test applied. Communication was 
maintained until all observers had reported 
to the high-voltage operator. At the high- 
voltage operating board an operator was 
stationed at the controls of each generator 
and was under instructions as to the steps 
which should be followed should trouble de- 
velop. Observers were also stationed at each 
street manhole through which the test 
feeder was carried, all manhole covers being 
removed during the test period. 


F. An electrical construction crew was 
maintained in the station construction 
office for any necessary work which might 
develop as a result of unexpected trouble. 
For the same purposes a crew from the 
underground department was also main- 
tained during the entire test period, to be 
available for any necessary repair work 
which might be required. 


G. Beginning with the test at the 1,000- 
megavolt-ampere level and above, inspec- 
tions were made of the equipment in the 
electrical galleries, the station cable bay, and 
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Figure 4. Diagram of relay connections for 
backup protection 


the street manholes, for evidence of damage 
after the first test at each level. 


1940 Tests 


The first series of tests was undertaken 
Saturday, September 21, and the follow- 
ing Sunday, September 22, 1940. Test 1 
at 200 megavolt-amperes was in the na- 
ture of a trial test shot for checking all 
of the equipment and the operating proce- 
dure. In this test the Waterside 
II tie feeder was tripped at Waterside 
number 2 by the directional impedance 
relays. This was the first of the unan- 
ticipated events. Later inspection of the 
oscillographic recording disclosed that the 
relay operation was undoubtedly due to 
the asymmetry of the current, which had 
the effect of increasing the operating 
range of the relay by some 40 per cent. 
This relay was blocked on subsequent 
tests, but protection was maintained by 
backup time delay over current relays. 

On test 2 at 550 megavolt-amperes the 
same tie feeder was tripped again, but, on 
this occasion, by the directional imped- 
ance relay at the Hell Gate end of the 
feeder. This was unanticipated operation 
number 2. This relay was also blocked 
out for succeeding tests. Subsequent 
tests on this relay disclosed that there was 
excessive ‘‘wipe’’ in the contacts of the di- 
rectional element. The incorrect opera- 
tion was, therefore, attributed to failure 
of the directional contact to open before 
the impedance contacts closed. This 
may be better understood when it is noted 
that prior to the fault the power flow on 
the tie feeder was from Hell Gate to- 
wards Waterside, the tie feeder being used 
to load the generator prior to the test, 
The directional elements of the imped- 
ance relay were, therefore, closed under 


Braley—High-Capacity Circuit Breakers 


TO AUX.BUS 
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this condition, but when the fault was — 
applied, the direction of power flow was 
reversed due to fault current being sup- 
plied from Waterside to Hell Gate. The 
tripping of the tie feeder, of course, caused 
a loss of load to the two generators after 
clearing the fault. The machines were, 
however, resynchronized to the station 
load bus without difficulty. 

Test 2A at 550 megavolt-amperes was 
run off without undue incident. 

In setting up the busses for the next 
test, a 160-megawatt unit, which had not _ 
been used in any of the tests up to that 
time, was placed on the test bus. One of 
the gallery observers heard a heavy static 
discharge, which appeared to come from 
the vicinity of the generator breaker com- 
partment. This was unexpected event 
number 3. Although not directly re- 
lated to the breaker test, this condition 
might have resulted in an operating fail- 
ure if it had not been for the observers 
posted in the electrical galleries. The 
machine was immediately removed from 
service and testing of the circuit under- 
taken. It was ascertained that one of 
the stress cones at the termination of one 
of the cables was the seat of the trouble. 
The cable terminal was remade and gave 
no further trouble. 

On test 3 at approximately 800 mega- 
volt-amperes the air-blast breaker arced 
over on two phases and failed to clear the 
fault. The fault was cleared by the 
backup bus-tie breakers in the station in 
29.5 cycles. Subsequent inspection of 
the bus-tie breakers disclosed that the 
6-7 section bus-tie breaker had thrown 
some oil on the B phase pole unit. While 
the performance of the bus-tie breakers 
was not unusual in this respect, it was 
considered that a little more discretion 
might profitably be exercised, as means 
were available for so doing. The psycho- 
logical effect of the flash and the accom- 
panying sound effects, in connection with 
the arc to ground at the test breaker, un- 
doubtedly lent some emphasis to the 
need for more caution. Asa consequence, 
the backup relay in the generating station 
was arranged to trip all generators and 


.tie feeders connected to the test bus, as 


well as the bus-tie breakers, since this 
would operate to distribute the duty 
among the various circuit breakers in the 
station somewhat more equitably. 


It is well worthy of note that, although 
the air-blast breaker was subjected to se- 
vere arcing for nearly one-half second, — 
there was no ensuing fire after arc ex- 
tinction, no damage to any of the im- 
mediately adjacent apparatus in the 
breaker house, and the necessary servic- 
ing and adjustment were completed in 
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a proximately two hours. This per- 
formance may be contrasted with that 
commonly experienced with oil-circuit- 
breaker failure of like nature, 
After repairs and adjustments to the 
Er blast breaker, test 3 at approximately 
860 megavolt-amperes and test 4 at ap- 
proximately 1,000 megavolt-amperes were 
completed without undue incident. 

On test 5B, at approximately 1,500 
megavolt-amperes, the air-blast breaker 
again failed to clear the fault, and it was 
cleared by the backup protection in 26 
cycles. The damage to the air-blast cir- 
cuit breaker was confined principally to 
the glaze of interphase brazing insulators 
and dislocation of some parts of the arc 
chute. Asin test 3A, there was no dam- 


age to adjacent equipment. There was _ 


; no evidence of stress on any of the station 
circuit breakers except to a minor degree 

on the 6-7 bus-tie breakers. The voltage 

dip on the network distribution system 

_ ranged from 15 to 30 per cent in the Man- 

hattan and Bronx districts, approxi- 
mately 50 per cent at the Dunwoodie sub- 
station, and 10 to 20 per cent on the Ni- 
agara-Hudson system. A one-tenth cycle 
variation in frequency was recorded. A 
number of railroad synchronous convert- 
ers in the Westchester area tripped out as 
a result of the disturbance. There were 
no operations of automatic network pro- 
tector units noted at 24 key observation 
points. All generators and tie feeders 
were restored to the system within 4!/, 
minutes. 

An examination of the end windings of 
all generators and equipment in the elec- 
trical galleries following these tests dis- 
closed absolutely no evidence of any dam- 
age to the equipment. 


1941 Tests 


The second series of tests was made on 
Saturday, May 10, and Sunday, May 11, 
in 1941. The preparation was compara- 
tively simple, since all the facilities had 
been retained from the previous year. A 
total of six three-phase short-circuit tests 
and one single-phase short-circuit test was 
scheduled. The three-phase tests con- 
sisted of one “‘O”’ and one “‘CO” test at 
approximately 600-, 1,200- and 1,500- 
megavolt-ampere levels. 

The breaker tested in this series was the 
same as that used previously, except for 
modifications to increase the air pressure 
from 150 to 250 pounds per square inch, 
and certain modifications in the design 
of the arcing chamber and the exhaust 
stack. A special air-blast breaker desig- 
nated as type AR-20-250Y, three -pole, 
15-kv, was used for the closing control 
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breaker in this series of tests, in lieu of 
type H breaker used previously. An 
additional cathode-ray oscillograph was 
provided for measurement of the voltages 
from the short-circuiting connection on 
the test breaker to ground. 

All of the short-circuit tests were suc- 
cessfully interrupted by the air-blast 
breaker, and, as a consequence, all test 
work was completed very close to the 
schedule. During the tests at the higher 
levels of duty, there were several reports 
of flashes and sparks in the electrical 
galleries in the generating plant. These 
were, naturally, a matter of some con- 
cern, until a careful inspection disclosed 
only minor burns on the circuit-breaker 
operating rods at the clevis pins on the 
third floor and between a lighting-fixture 
outlet box and a ground bus on the sec- 
ond floor. As the short-circuit connec- 
tion on the test breaker was ungrounded, 
and there was no indication of system 
ground current, it was evident that these 
manifestations in the galleries could have 
been caused only by induced voltages set 
up by the test current. Additional clear- 
ance was established at the points con- 
cerned and no further reports of sparks 
were received. 

It is of interest to note that, on tests at 
the 1,500-megavolt-ampere level, the 
railroad synchronous converters in the 
Westchester area, which were subjected 
to a 50 per cent voltage dip, did not trip 
out as in the tests made the previous year. 
This very clearly indicates the benefits 
of high-speed fault clearing with respect 
to its effect on operating equipment. 

In the “‘O” test ‘5C’, it was hoped 
that, by setting the pretrip relay to op- 
erate 1.2 cycles after initiation of the 
fault, it might be possible to increase the 
test duty over that obtained in the pre- 
vious year. For some unexplained rea- 
son, this was not entirely successful, al- 
though the pretripping time was checked 
by tests, before the test current was ap- 
plied. The oscillographic record shows 
that arcing did not start until nearly 
three cycles after initiation of the fault, 
rather than 1.2 cycles as anticipated. 

It may also be noted that the actual 
current obtained on tests was appreciably 
lower than the calculated values, par- 
ticularly in the tests in excess of 1,000 
megavolt-amperes. 

This discrepancy may be attributed to 
two factors: 


1. The reactance of the generator cables, 
busses, and test circuit within the station 
was not included in the calculations. 


2. The subtransient and transient react- 
ance constants of the large generator (188 
megavolt-amperes) were probably higher 
than the calculated constants. 
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The line-to-ground test (7D) was 
made for the purpose of obtaining test 
data on the zero phase sequence react- 
ance of the 188,000-megavolt-ampere unit 
and the station grounding system, rather 
than for testing the air-blast breaker. 
The 188-megavolt-ampere generator is 
composed of two 94-megavolt ampere 
generators driven by a cross compound 
turbine. The neutral of only one of the 
generators is grounded. In this test this 
generator unit and the tie to the Waterside 
II station were isolated from the rest of 
the system. The breaker tripping time 
was intentionally delayed in order to ob- 
tain a steady-state value of current. 
While the measured values were lower 
than those which had been calculated, 
this was attributed to the reactance intro- 
duced by the various multiple paths over 
which the ground current could flow be- 
tween the generator neutral connection 
and the termination of the test cable in 
the electrical galleries. A recalculation 
of this circuit has shown that the differ- 
ence between the actual test current and 
the calculated current would be accounted 
for by 0.05 ohm. 


Conclusions 


1. High-capacity short-circuit tests di- 
rectly on the bus of a large power station 
may be made without unreasonable risk to 
the system and equipment, if the undertak- 
ing is preceded by careful planning, and if 
safeguards are established to protect against 
the abnormal conditions which customarily 
prevail as the result of short-circuit phenom- 
ena. 


2. System tests under controlled conditions 
furnish valuable data on system and equip- 
ment performance. Such tests not only 
serve to check the performance of the ap- 
paratus ostensibly under test but also 
demonstrate the adequacy of other parts 
of the system, under the most severe con- 
ditions they are designed to meet. 


3. Calculations of generating-station bus 
faults, in which the reactance of even very 
short runs of connections are neglected, ap- 
parently result in currents which are ap- 
preciably higher than actual values and are, 
therefore, on the conservative side in deter- 
mining the interrupting duty of switching 
equipment. 


4. Field testing tends to instill more con- 
fidence in the science of stability computa- 
tions which has contributed so materially to 
the establishment of sound engineering 
principles in the design and operation of 
power systems. 


5. It has been realistically demonstrated 
that the fire hazard inherent in the oil-cir- 
cuit-breaker design is greatly minimized by 
the air-blast design. 
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Frequency-Modulated Carrier 


Telegraph System 
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Synopsis: Voice-frequency carrier-current 
telegraph systems used in this country and 
abroad have until now employed amplitude 
modulation, analogous to single current 
signalling in d-c telegraphy. A variety of 
so-called two-tone telegraph systems has 
been tried out by various workers, but none 
of these was adopted on a commercial scale 
because all required the employment of at 
least double the frequency spectrum space 
ordinarily assigned for amplitude modula- 
tion. The system described employs true 
frequency modulation to derive the advan- 
tages of polar current signalling, with the 
same spectrum efficiency as conventional 
amplitude systems, and secures at the same 
time freedom from attenuation change in 
the transmission medium and greater im- 
munity to extraneous disturbing currents. 


REQUENCY-modulated systems for 

radiobroadcasting and facsimile trans- 
mission have been developed and placed 
in operation with remarkable success dur- 
ing the past few years. Publications 
covering practically all phases of this type 
of modulation, particularly with reference 
to its interference suppression qualities, 
have been legion. The fundamental prin- 
ciples have been soundly established and 
today are perhaps as thoroughly under- 
stood as those of amplitude modulation. 
Consequently, this paper will be confined 
to a brief outline of recent land-line voice- 
frequency telegraph-carrier developments 
culminating in the adaptation of frequency 


modulation. 
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Figure 1. Relative current requirements in 
single- and polar-current systems for equal 
interference susceptibility 
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Theory 


Virtually all telegraphic communication 
circuits fall under either of two basic 
types of operation: . 


(a). Single-current operation wherein 
transmission of current indicates a marking 
signal and absence of current a spacing 
signal. 


(b). Polar operation wherein transmission 
of current of one sense or sign indicates a 
marking signal and current in the opposite 
sense or sign indicates a spacing signal. 


Relative current requirements for equiva- 
lent interference susceptibility in single 
and polar operation are given in Figure 1. 
The resulting power relations are as fol- 
lows: 


Power per cycle single operation 


Power per cycle polar operation 
I?R(t/2) _ 3 
(1/2)2Rt 


Peak power single operation I?R 


——7 =4 
Peak power polar operation (J/2)?R 


The two-to-one reduction in average power 
and the four-to-one reduction in peak 
power pertaining to the polar method con- 
stitutes a major reason for its adoption 
on all but relatively short d-c telegraph 
circuits. In addition, it is inherently im- 
mune to the bias losses experienced in 
single current operation as a result of 
variations in circuit transmission equiva- 
lent. Where peak current permissible is 
the limiting factor a two-to-one suscepti- 
bility gain is realized. 

From their earliest inception down to 
the present time practically all telegraph 
carrier circuits have been founded on the 
basic form shown in Figure 2 wherein a 
carrier frequency is amplitude modulated, 
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Figure 2. Funda- 
mental carrier tele- 
graph circuit 


A—Keyed carrier 


B—Received carrier 
C—Relay current 
D—Relay operation 


energy being transmitted on marking 


- signals and interrupted on spacing signals 


in the usual single current mode of opera- 
tion. The resulting square-topped wave 
trains existing at section A are modified 
by the restricted bandwidth of the channel 
tuners to the envelope form shown at 
section B. The envelope is then con- 
verted by a linear demodulator to a simi- 
larly shaped unidirectional pulsating cur- 
rent flowing through the receiving relay, 
as indicated by C. Faithful reproduction 
of the original modulation is secured by 
applying to the receiving relay a local 
bias of such magnitude as to produce 
equal marking and spacing intervals from 
the relay armature, curve D. It is self- 
evident from the sinusoidal nature of C 
that any alteration in its magnitude rela- 
tive to the local operating bias—as, for 
example, might result from varying line 
attenuation—will destroy the equal time 
interval relationship between marking 
and spacing pulses introducing a loss in 
the form of biased relay action. 

Inasmuch as the advantages of polar 
operation have always been clearly recog- 
nized, the development literature of the 
carrier telegraph has been replete with 
suggestions and schemes for its realization 
either in full orin part. To overcome bias 
susceptibility, for example, more or less 
complicated devices have been evolved 
which function either to maintain the 
demodulator input at a predetermined 
level or to regulate the receiving relay 
bias in accordance with received carrier 
level. Such artifices have been in use for 
a number of years with creditable results, 
their effectiveness being of the order indi- 
cated in Figure 3. 

Of a more fundamental nature is the 
oft proposed ‘‘two-tone”’ polar carrier sys- 
tem involving two carrier sources of some- 
what different frequency operating over 
separate channels and terminating dif- 
ferentially in a receiving relay as shown 
in Figure 4. Energy of frequency Fp, is 
transmitted over one channel for a mark- 
ing pulse and energy of frequency F, over 
the other channel for a spacing pulse, thus 
closely approximating the requirements 
for polar transmission and providing the 
increased stability pertaining thereto. In 
theory, but not always in practice, both 
channels are similarly affected by varia- 
tions in circuit attenuation, thus fulfilling 
the polar conditions for bias-free recep- 
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tion. From an operating aspect, however, 
this circuit is economically infeasible, re- 
quiring at least twice the frequency spec- 
trum per telegraph channel as a single- 
current system. Suggestions for circum- 
; venting this obstacle usually involve a 
closer spacing of F,, and F, so that both 
frequencies will be accepted by a tuner 
_ of the type normally provided for ampli- 
tude-modulation signalling. The fallacy 
herein can be seen by inspection of Figure 
5, illustrating the distribution of carrier 
and sideband voltages in amplitude 
modulation of a carrier frequency. 
In a single-current system (Figure 5a) 
the two intelligence-bearing sidebands 
created by the act of modulation and the 
carrier are symmetrically located with 
respect to, and lie entirely within the 
available band. The side bands, of 
course, are separated from the carrier by 
an interval equal to the modulating fre- 
quency. If an attempt is made to pass 
two carriers F, and F, representing 
marking and spacing frequencies through 
a similar band, the impossible conditions 
illustrated in Figure 5b obtain. Both car- 
riers are amplitude modulated, each hav- 
ing an independent set of sidebands, the 
higher sideband of F, and the lower of F,, 
lying outside the passband. The remain- 
ing components reaching the receiving 
demodulator will produce in its output 
not only a portion of the original modula- 
tion but also the beat between the two 
carriers and the two sidebands. The re- 
sult will be severe distortion which can be 
eliminated only by sufficient separation 


Figure 4. Two-tone polar carrier system 
separate channels for marking 
and spacing frequencies 
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DEMODULATOR 


and selection of F, and F, and their re- 
spective sidebands. 

A mathematical analysis of carrier and 
sideband components resulting from the 
sine wave frequency modulation of a car- 
rier F, between the limits F,, and F, at 
arate equal to (F,—F,,)/2 (unity modu- 
lation index) discloses the relative voltage 
relationships shown in Figure 6. A theo- 
retically infinite number of sidebands are 
created symmetrically spaced with re- 
spect to the carrier and separated by 
intervals equal to the modulating fre- 
quency. Practically, however, the energy 
content of sideband components lying be- 
yond the second is sufficiently minute to 
eliminate them from consideration. In 
addition, for telegraphic purposes, it has 
been found possible to further eliminate 
second-order sidebands without intro- 
ducing serious distortion, leaving a spec- 
trum during modulation similar to Figure 
5a. The small distortion component can 
be eliminated by simple resistance-capac- 
ity shaping of the received signal if so 
desired. Under steady-state or d-c con- 
ditions the F,, or F, frequency only is 
present, depending upon the transmitting 
relay position, and thus we have a method 
for deriving a ‘‘two-tone’’ polar system 
requiring no greater bandwidth than a 
conventional single-current amplitude- 
modulated carrier system. Except under 
certain critical conditions the F,, and F, 
frequencies do not appear during modula- 
tion. 


Description of System 


The most obvious and practical method 
of frequency modulating a carrier in re- 
sponse to polar d-c telegraph signals is to 
vary the frequency of an oscillator by 
means of the transmitting relay. Figure 
7 illustrates the method wherein the 
frequency determining circuit LC, tuned 
to mid-passband frequency F,, is shunted 
by a control network comprising L; and 
L»C, separately in series with rectifier ele- 
ments A, and A». A cycle of operation, 
starting with the transmitting relay on 
spacing, connects positive battery to the 
control circuit establishing across R; a 
potential, positive with respect to ground, 
of magnitude slightly greater than the 
peak oscillating voltage existing across 
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LC. Under this condition the impedance 
of rectifier A, approaches infinity, ef- 
fectively isolating L2C,. Simultaneously 
rectifier A; becomes biased in the conduct- 
ing direction, Ry acting to limit the control 
current to a value slightly greater than 
the peak oscillating current flowing 
through A;. As C; presents a low imped- 
ance to the carrier frequency, L; effec- 
tively parallels LC and the frequency 
approaches 


1 
—_——— =F, 
2a doles 

\ L+Li © 
Inlike manner marking or negative battery 
applied by the transmitting relay isolates 


Lj, and L2C, effectively parallels LC, the 
frequency approaching 


1 


\ LE 
Qa 
par. 


as pony 


(C+ Cy) 


L, is necessary to provide a d-c path for 
the rectifier polarizing current similar to 
that provided by Z;. In practice, Li, Lo, 
and C, are so proportioned that 


Fy— Fn = F,— F,=70 cycles 


The modulation index becomes equal to 
unity at a keying speed of 70 cycles per 
second, the nominal maximum of the 
system. The conditions set forth in 
Figure 6 are met by introducing a shaping 
network JV to restrict the rate of change of 
control circuit voltage to an approxi- 
mately sinusoidal shape at the maximum 
modulation frequency. Failure to pro- 
vide this network introduces a distortion 
component of relatively small magnitude 
in the received signal. As might be sur- 
mised from Figure 7, the impedances of 
rectifiers A; and Ae, varying between maxi- 
mum and minimum in inverse relation- 
ship, produce an amplitude factor in the 
modulated wave. This component is 
considerably smaller and, fortunately, in- 
verse in phase to a similar component 
introduced by the curvature inherent in 
the attenuation characteristic of a normal 
carrier telegraph channel. Frequency 


Figure 5. Carrier and side-band relationships 
in amplitude modulation 
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Figure 6. Carrier and side-band relationships 
in frequency modulation for unity modulation 
index 


deviation accuracy of a high order is 
achieved as the percentage deviation is 
independent of voltage (above a certain 
critical minimum value) applied to the 
control circuit. 

The receiving terminal employs a cur- 
rent limiter, converter, and differential 
detector as illustrated in Figure 8. The 
current limiter is perhaps unique in that 
regenerative action is utilized to secure the 
high order of sensitivity required on cer- 
tain classes of systems where terminal 
repeaters are not justifiable. Regenera- 
tion is set to give stable limiting action 
down to minus 45 decibels, a gain in sensi- 
tivity of approximately 25 decibels over 
the unregenerative state. Thus a prac- 
tically constant value of effective relay 
operating current is assured for all con- 
ditions conceivably encountered in com- 
mercial carrier practice. Conversion 
from frequency modulation to amplitude 
modulation prior to detection is effected 
by a discriminator comprising two paral- 
lel-tuned circuits Z:C; and L2C, operating 
in series and tuned respectively to mark- 
ing and spacing frequencies. The two 
discriminator output voltages, after being 
separately detected, are differentially 
added before being applied to a d-c power 
amplifier stage for operating the receiv- 
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ing relay. A differential biasing circuit is 
provided tocompensate for slight circuit or 
relay misalignment. Figure 9 shows the 
mechanicalarrangement employedintrans- 
mitter and receiver design, each unit occu- 
pying 31/ inches of vertical rack space. 


Comparative Test Results 


A series of laboratory and field tests 
were made to determine the relative 
merits of frequency-modulated and con- 
ventional amplitude-modulated systems. 
The following data were taken, at a line 
speed of 60 cycles per second under 
identical circuit conditions on a basis of 
equal peak carrier voltages as a criterion. 
A transmission testing machine was used 
to determine operating margins under any 
given set of conditions in terms of milli- 
seconds loss, a method universally recog- 
nized for its accuracy in telegraph trans- 
mission studies. 

A comparison of circuit susceptibility 
to single-frequency crosstalk (simulating 
severe unbalance in four-wire carrier sys- 
tems as may be encountered under 
emergency conditions) is given in Figure 
10. With amplitude modulation the sig- 
nal loss is substantially proportional to 
the receiving tuner attenuation character- 
istic, becoming a maximum of 3.15 milli- 
seconds for a 12 decibel peak ratio be- 
tween signal and crosstalk at mid-band 
frequency. Conversely the frequency 
modulation characteristic displays the 
familiar double hump resulting from its 
triangular noise spectrum wherein the 
loss due to a single interfering frequency 
is proportional to its separation from the 
carrier frequency. As a deviation ratio 
of unity is employed, maximum loss oc- 
curs at a crosstalk frequency differing 
from the carrier by an interval equal to 


Figure 7(left). Schematic dia- 
gram of frequency modulator 


Figure 8 (below). 

Schematic diagram 

of frequency-modu- 
lation receiver 
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at this point of greatest susceptibility is 
approximately 1.2 milliseconds, or a de- 
crease of 8.3 decibels from the maximum 
loss with amplitude modulation for inter- 
ference of this character. 

A common form of undesirable noise 
encountered in telegraph carrier circuits 
is a random or fluctuating type produced 
by battery supplies, shot effect in ampli- 
fiers, etc. wherein the interference con- 
tains frequency components more or less 
uniformly distributed throughout the 
channel pass-band. Figure 11 is the 
average peak loss in milliseconds as 
measured at the receiving relay contacts 
for various values of fluctuating noise—a 
particularly difficult task to perform ac- 
curately owing to the probability factor 
inherent to random interference. A sub- 
stantial improvement of roughly 9 deci- 
bels obtains to frequency modulation for 
large signal-to-noise ratios as compared 
with the theoretical value of 2/3 Fu/Fa 
or 10.8 decibels. 

A third form of interference to which 
open wire carrier circuits are particularly 
vulnerable is the impulsive type, usually 
attributable to lightning, wherein shock 
excitation of the receiving tuner by a steep 
wavefront produces in the terminal equip- 
ment an exponential wave train having a 
fundamental frequency in the neighbor- 
hood of the nominal carrier frequency. 
The ultimate signal loss is a function of 
both the amplitude and the phase of the 
transient relative to the instantaneous 
carrier, resulting in an interference fortui- 
tous in nature. Peaks of maximum loss 
thus occur on a probability basis and 
must be given due consideration in the 
method of loss measurement. Figure 12 
is a comparison of amplitude and fre- 
quency modulation under these conditions 
and closely resembles Figure 11 for fluctua- 
tion noise. A reduction of approximately 
10.5 decibels in average peak loss is 
secured for large signal-to-noise ratios as 
compared to the theoretical improvement 
factor 4F,/F, or 12 decibels. 


Operational Considerations 


It is common practice in high-frequency 
carrier systems to employ group modula- 
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Figure 10. Effect of single-frequency cross talk 
on amplitude- and frequency-modulated 
systems 


tion and demodulation for transferring the 
fundamental carrier channels to their as- 
signed frequency band for transmission 
over the line. In the perfect case, channel 
frequencies leaving the receiving group 
demodulator are identical to those enter- 
ing the transmitting group modulator. 
Practically, however, a frequency shift 
exists equal in magnitude to the instan- 
taneous frequency difference in the carrier 
sources available for group modulation 
and demodulation which, by the very 
nature of frequency modulation, intro- 
duces a bias component in the received 
signal. Itis required, therefore, that each 
frequency translating oscillator be a 
highly stable carrier source having an 
absolute frequency variation of less than 
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Figure 9, Fre- 
quency - modulation 
equipment 


A—Modulator - os- 
cillator 


B—Demodulator-am- 
plifier 


plus or minus two cycles. Similarly, the 
tolerances on channel tuner stability are 
somewhat more stringent than for ampli- 
tude modulation but can be easily at- 
tained in prdduction when proper pre- 
cautions are observed. The difficulty of 
accurate level regulation on long carrier 
circuits is reduced to a problem of main- 
taining the aggregate repeater loads 
safely below the distortion point. This is 
easily accomplished by various well 
known techniques. Where higher grade 
carrier channels are required on an exist- 
ing amplitude system, frequency-modu- 
lated channels can be directly substituted 
without disturbing the rest of the installa- 
tion. 

Evidence thus far presented would in- 
dicate a substantial improvement in car- 
rier circuit performance wherever existing 
amplitude-modulated systems are con- 
verted to frequency modulation. This 
has been amply substantiated in practice 
during the past three years. Perhaps the 
outstanding advantage from a carrier 
attendant’s viewpoint lies in the im- 
munity of frequency modulation to re- 
ceived level variations. This feature 
provides greater flexibility as a channel 
group can be instantaneously swapped be- 
tween routes having widely different 
equalization characteristics without re- 
adjusting individual channel levels for 
optimum performance; an important con- 
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Figure 12. Effect of impulse noise on ampli- 
tude- and frequency-modulated systems 


sideration where synchronism must be 
maintained on automatic telegraph cir- 
cuits. In addition, detrimental effects of 
small instantaneous level fluctuations 
continually occurring on open wire carrier 
circuits are completely eliminated. 

Polar operation and the triangular 
noise spectrum of frequency modulation 
combine to produce a real and substantial 
improvement in circuit interference sus- 
ceptibility, reflected in greater operating 
margins and reduced testing and regulat- 
ing work. 
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Performance of Ground-Relayed Distri- 
bution Circuits During Faults to Ground 


C. L. GILKESON 


MEMBER AIEE 


Synopsis: An extensive oscillographic study 
has been made on power distribution feeders 
primarily to obtain data useful in the con- 
sideration of joint use of poles by power and 
telephone facilities. Some of the results, 
chiefly those obtained from three-phase, 
four-wire, multigrounded neutral feeders 
equipped with instantaneous ground relays 
and for immediate breaker reclosure, are 
believed to be of general interest and are 
presented herewith. Included are data on 
the performance of the protective devices 
utilized for clearing ground faults on the 
feeders included in the study, the effective- 
ness and certain limitations of these devices, 
and characteristics of the faults experienced. 


TUDIES made by the Joint Subcom- 

mittee on Development and Research 
of the Edison Electric Institute and 
Bell Telephone System have shown that 
one of the important factors in pro- 
moting safety where power and telephone 
circuits are on jointly used poles is the 
prompt de-energization of the power cir- 
cuit in the event of a contact with the 
telephone plant.! The Joint Subcom- 
mittee with the co-operation of a number 
of power companies, therefore, has made 
an extensive oscillographic study of the 
performance of protective devices utilized 
on power distribution feeders for clearing 
ground faults. Some of the feeders se- 
lected for study were of the three-phase, 
four-wire, multigrounded neutral type 
equipped with instantaneous ground re- 
lays and for immediate reclosure of the 
breaker. This paper deals primarily with 
the data obtained from this type of feeder 
regarding the performance of the protec- 
tive equipment in clearing ground faults 
and the characteristics of the faults ex- 
perienced which are thought to be of most 
general interest. 

Since the oscillographs usually were ar- 
ranged to record only residual currents in 
the power feeders, multiple-phase faults 
were recorded only when ground was also 
involved. As some disturbances were 
self-clearing and some were due to re- 
closures on or recurrences of sustained 
faults, somewhat special meanings have 
been attached herein to the terms ‘‘fault’’ 
and ‘‘disturbance.”’ 


“Fault” is considered to be any occurrence 


which caused a measurable oscillogram of 
power system current, which, in so far as 
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could be established, was not from reclosure 
of a breaker or fuse on a previously existing 
trouble, from repeated oscillograph opera- 
tions on a sustained case of trouble, or from 
load unbalance. 


“Disturbance” is a fault as defined above, a 
reclosure on or recurrence of a previously 
established fault. In many instances a 
single oscillogram showed more than one 
disturbance due either to the fault re-estab- 
lishing after being self-cleared or to reclosure 
of some protective equipment on sustained 
faults. 


Extent of Data 


The principal data presented in this 
paper concerning feeders equipped with 
instantaneous ground relays and for im- 
mediate breaker reclosure were obtained 
from feeders of four power companies. 
The extent of these observations is sum- 
marizedin TableI. A total of 1,498 oscil- 
lograms, representing 1,279 separate 
faults and 1,758 disturbances, was ob- 
tained. The various feeders were under 
observation for periods ranging from 
about 4 to 48 months and had a total 
mileage of approximately 450 miles. 
Some data regarding tree-leakage currents 
and the performance of repeater-type 
fuses and pole-top reclosures were taken 
from observations on feeders equipped 
with inverse-time phase relays only or 
with inverse-time phase and ground re- 
lays. Details of these feeders are not 
given herein. 

Table II gives the relay settings and re- 
closure practice applying to each feeder 
during the observations. The instanta- 
neous ground relays locked out prior to 
first reclosure of the breaker on the feeders 
of companies A, B, and C but controlled 
the breaker for the first two openings in 
the case of company D. Following lock- 
out of the instantaneous relays the 
feeders were protected by inverse-time 
phase and in some cases, ground relays. 


Paper 42-8, recommended by the AIEE committees 
on protective devices and power transmission and 
distribution for presentation at the AIEE winter 
convention, New York, N. Y., January 26-30, 1942. 
Manuscript submitted August 8, 1941; made ayail- 
able for printing November 3, 1941. 
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Performance of Relays and 
Circuit Breakers 


A. MANNER OF FAULT CLEARANCE AND 
AUTOMATIC-RECLOSURE PERFORMANCE 


The manner of clearance of all faults, as 
deduced from the appearance of the oscil- 
lographic records in conjunction with the 
correlation data supplied by the power 
companies, is summarized in part A, 
Table III. The percentage of faults 
cleared by circuit-breaker operation 
ranged from 13 to 76 per cent. This wide 
spread in percentage is largely attribut- 
able to differences in fusing practice and 
to use of open-gap lightning protection on 
transformers of some feeders. The re- 
mainder of the faults in each case were 
either self-clearing or were cleared by 
other protection, such as transformer and 
branch-line fuses or pole-top reclosers lo- 
cated out on the feeder. No distinction 
has been made in tables and charts be- 
tween these manners of fault clearance 
since the data were not sufficient, in most 
instances, for making such a classification. 
On one feeder (not otherwise considered 
in this paper) the observing equipment 
was arranged so that operations of pole- 
top reclosers, which protect most of the 
branches, could be identified. It was 
definitely established that they cleared 27 
per cent of the faults. Undoubtedly 
other faults were also cleared in this man- 
ner but the data were not conclusive. The 
main breaker, which is controlled by in- 
verse-time relays, cleared only about 22 
per cent of the faults. 

Part B of Table III was prepared to 
show the results of instantaneous relaying 
and immediate automatic reclosure. Un- 
der section B1 all initial breaker opera- 
tions are considered, irrespective of 
whether the fault current persisted until 
the breaker opened; that is, included in 
this category are cases in which a fault 
initiated a breaker operation, but the cur- 
rent was interrupted by a fuse or other- 
wise before the breaker started to open. 
In section B2 of the table only those cases 
are included in which the fault current 
persisted until the breaker first opened, 
the breaker being responsible for initial in- 
terruption of the fault. This latter cate- 
gory would appear to be the better indica- 
tion of the benefit that can be attributed 
directly to instantaneous relaying and 
rapid reclosure. The data indicate that 
from 50 to 100 per cent of faults falling in 
this category were clear on first reclosure, 
the average for all feeders being about 70 
percent: 

There are, of course, a number of fac- 
tors which affect the manner in which 
faults are cleared. One of these factors is 
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‘Table I. Data Regarding Power Feeders and Observations 


Records Obtained $§ 


Tree 
Con- 


Faults ditions Remarks 


Lightning arresters are used 
with all distribution trans- 
formers. On new iunstalla- 
tions they are connected in- 
side transformer fuses while 
on some old installations they 
are connected outside trans- 
former fuses. 

The four kilovolt feeders are 
primarily urban residential 
lighting circuits; feeder K- 
1202 supplies chiefly rural 
residential load, while feeder 
E-1215 supplies chiefly rural 
and suburban residential 
load. There are a few indus- 
trial loads taken from both 
feeders. 


LS ats 
BO 


Lightning arresters are used 
with all transformers. They 
are connected outside the 
fuses and have separate 
driven grounds. 

These feeders serve urban 
territory. 


24..., Average. . 
69....Average.. 


In areas where fuses and re- 
lays can be co-ordinated, 
transformers are equipped 
only with spill gaps (two gaps 
in series) for lightning pro- 
tection. Where fuses and re- 
lays cannot be co-ordinated, 
lightning arresters are used. 
Fuses are placed on the trans- 
former side of the arresters; 
where gaps are separate units 
the fuse is on the line side of 
the gap. 

This feeder serves chiefly 
residential load in suburban 
and rural areas. 


633....Average.. { 


Plain spill gaps or expulsion 
type spill gaps are used for 
lightning protection of trans- 
formers. 

This feeder serves urban ter- 
ritory and the load is about | 
75 per cent residential and 
25 per cent commercial. 

No lightning arresters are 
used but gaps, connected out- 
side the fuse, are used with 
every transformer. 

This feeder supplies rural ter- 
ritory which has a customer 
density of about seven per 
mile. 


hte ELE sae 


.1,279 


* All feeders are equipped with an instantaneous ground relay and for immediate reclosure of the breaker. Feeders of companies A, C, and D are three-phase, four- 
wire, multigrounded neutral feeders, while those of company B are three-phase, three-wire with the neutral grounded through a grounding transformer bank. 


** Power system residual current was recorded in each instance. 


§ These records are from accidental disturbances and do not include records from unbalanced load currents and staged tests. 


a sustained fault the series of records obtained has been counted as one instance. 


the nature of the fault itself, that is, it 
may be of very short duration, probably 
due to a momentary flashover which isself- 
clearing before a breaker or fuse has time 
to operate or it may be cleared by the op- 
eration of small transformer fuses. Where 
instantaneous ground relays are used it 
is intended that they operate to clear 
such faults before other protective equip- 
ment, excepting small fuses, can operate. 
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In the case of feeder E-1215 of company 
A, a cold cathode tube relay was used as 
the instantaneous ground relay for a por- 
tion of the observation period. At first it 
was used with no purposely introduced 
time delay; later, time delay of two 
cycles was introduced to prevent unneces- 
sary tripping. Without time delay its op~ 
erating time was approximately 0.007 sec- 
ond. As it has no inverse-time character- 
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Where the oscillograph repeated on 


istic, operation is initiated practically as 
soon as the operating current is reached. 
This is an advantage if the fault is going 
to persist. However, if the fault consists 
solely of very short lived kicks, it is desir- 
able to have a small delay in relay opera- 
tion. A comparison of the operation of 
the tube-type relay with and without time 
delay of two cycles is given in Table A. 
From these data it is evident that slowing 
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Table Il. Type of Relaying and Reclosure Practice 


ee 
Ground Relays 
Inverse Time Instantaneous 
Pri. 
arounerek Pick- Current ; 
Pri. Time Current up Time for1 Sec. Pri. 
Pickup Lever for 1 Sec. Cur- coe hele ease 
Current Set- Operation C.T. rent Set- ion urren g 
Power Feeder C.T. Ratio (Amp) ting (Amp)* Ratio (Amp) ting (Amp)* (Amp) Reclosure Practice 
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oe eae Cee ee ‘ “hb A ne 2 ; Nid Sete Fuicew@ NODES <i 5. siletaitacunsrerer .. 80 ....3 automatic—first is immediate** 
E-1215 }r2 L785 oo 20Gus (eo7., ESO Nenaas 1900 (ee eke mee SiN one Sheen ce "150§§....1 Gmmediate) automatic** 
Company B—6.9 ky ‘ 
UO iercenreta etorstenstsrastercyarctete Kens > 60/1....360 21/2... 650) 2.) 60/1). 90. coer eee eee 900#.... ae _.1 (immediate) automatic** 
DO rere evs. even erck tere ciate Tol emeyens 60/1....360 21/e.. 650 60/1. SOSA ao otale op gicin Ot: 5 8004.... 60 
Company C—12 kv a 
3003 joon CKOvAl .320 2 S00) Wane ecaecc Pele fis bite None. a ae eee 40 .1 (immediate) automatic 
pee el fore 5-24-38) 3 automatic: immedi 
Doouesavgomescomonene AVAL S coeUo core aae SCMUON ents ci Wis GoW c trom omooiD Ge 2) 80 80 . . Before 5-24- autom: 3 - 
MNES sorctie wapeiens estate Vasile erece 40/1. nee ees amie SOO) termina. 40/d AQ) vatenae /2 rR Bere 
40/1 .320 J AQO Meera OY Mites tics LO cstaret uct caspatee ters 6!/2 200#....100 ..After 5-24-38( 105 seconds*** 
Halls 5/1 ce if GO# eye D/L pebca OU leiatove eh ote evers eine 6 1604. 25 ..3 automatic: immediate, 45 seconds 
ied an Re, Shaws erate rate cayecvare : a siva pies cere 


*Refers to relay operation only; does not include breaker time. 

**Instantaneous ground relay locks out following initial breaker operation leaving inverse-time relays in control until recloser is manually reset. 
***I nstantaneous ground relay has control until after second trip-out. 

§ Instantaneous phase relays. 


§§Solenoid type relay from 6-8-34 to 4-15-35. 
cycles delay from 10-10-35 to 3-15-37. 


#Current required for 11/2 second operation. 


Gas tube relay without time delay from 4-15-35 to 10-10-35 and from 3-15-37 to 5-12-38. Gas tube relay with 2 


##Experimental only. ‘ 
Table Ill. Manner of Fault Clearance and Automatic Reclosure Performance 
Company A Company B Company C Company D 
4 Kv 12 Kv 6.9 Kv 12 Kv 13.8 Kv 
L-402 L-406 K-1202 E-1215 19 20 3003 7M35 Halls 
Per Per Per Per Per Per Per Per Per 

No. Cent No. Cent No. Cent No. Cent No. Cent No. Cent No. Cent No. Cent No. Cent 
photalefatltstmmaterctare ttre cece ceeeee ee ovesn tke wekere 308 1. 100)7;. 135.00, 86s, .100) 157%. LOOS. 24. 100s 69 1 O00). O3a cere OO rer co emeeenl OG erie cs aren Oo 
A. Manner of fault clearance 
Ge Breaker-cleated . .ieis. seve vate leteicre,.valevore oe css ste Ai iaie LB eels Aare, Slicira Dowie, LO LO visi LQcice Aarne Lied nace OSs otorele: OO ete ck O cient 5 eer oO een 
Gmoelt-or tuse-clearedh) eye ee ccc eciee ree eee PL Oeipi is Chorin (eons atone 4 ho-ooe nmin tenn act ine Wea oe tinger iis Gg < tents, cules Ge ce LK Be 
B. Automatic reclosure performance 

(1) Considering all initial breaker operations 
ii, AK as os eo bem onnaon Fotortar Mane ook L575 LOO ere Ore LOOT oN Sia1. LOO csr MLO: 5 OO a uticete OU l- rare G Orareneh O Om slr | OO mera 7pm OO ne 2 (eee LO 
bee Clearion first reclosuress cs. +a: ciee os tpi OO) 4 BO Lee, Coser Wee, Borate De «otk ape 400 fo OOM aOS ee mre lamers eememy eeno 2 mann ST 
cy Clear following first reclosure#. .... 2.0.26 0ses0oeee cere Be os SO kiss G4. LOT ct OV cme edie LOL. «DO nee Nine OS eel OO eS ny Oe > 4am 
demClearionisecond reclostres#..7-risieiere casita pessietals elniernia Ale soe OO fKere LO eet OO leet O95 «30 Oye eroreinreincm aioe 53)... 82...069.. OOD. AG O4een243 eee So, 
(2) Considering only cases where fault current persisted until breaker first opened 

Pam LO a le wrcey arc: tieks rete ie ersse ave a, okararsiarsl cisteee are cvel te Arie LOO Se Anoel00 52.12.0100. 425. 100k je On ol 00s 4 ASnekOOr cet 7 Ome OO sen One OO Mens 54 eeeLO0) 
bee lear onwirst reclostirey ae. = ele e sc snes 4 100), ie Seve COse s Sues Ohase 26n0% O20.0 Anns OF apoio Do ECo TS eee See GH Ge) eee 
Gy Clear following first reclosure# 2... scsi cee oc ccs sie cies Drei CO re eLbnters 92 Ada 0 LOOs. (Ons lOU. a Sone O0. stir OORe CeO OMe 20 samme 
dmmCleaton second reclosutes #54 aces secs cie eee ee eens Siverece Oma dees LOO nye PA aiee od Ol <p eee 86) na CO 408 el OO eno) OOo 2A ESS 


#Faults which did not involve a second breaker opening. 


This item is the sum of (b) plus those faults which were fuse or self-cleared following first breaker re- 
closure. 


##Sum of faults in (c) above plus those cleared on second breaker reclosure. Second reclosure was not immediate except for company D. 


down the relay saved a number of unnec- 
essary trippings on very short duration 
disturbances. 


ranged from 7 to 15 cycles for the various 
feeders; the average time from initiation 
of fault to first immediate reclosure 
ranged from 34 to 57 cycles. In arriving 
at these times, one cycle has been added 
to the duration shown by the oscillo- 


The oscillograms pictured in Figure 1 
(A) and (B) illustrate faults which were 
breaker-cleared by operation of instan- 
taneous ground relays which control the 
breaker for two openings. (Element 2, 
which indicates breaker operation, was 


B. SPEED OF CLEARANCE AND 
RECLOSURE 


The recorded average time from initia- 
tion of fault to first breaker opening 
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grams to allow for the time it takes the 
oscillograph film to get in motion. 


controlled from a contact on the breaker 
whose opening lagged the actual breaker 
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74 ans 
ILLUSTRATES: OPERATION OF INSTANTANEOUS GROUND RELAY AND IMMEDIATE RECLOSURE; 
RECLOSURE TRANSIENT; FALSE BREAKER OPERATION FROM RECLOSURE TRANSIENT, 


EL. 2-INDICATES BREAKER OPENINGS AND RECLOSURES 


EL.1-RESIDUAL CURRENT 


ILLUSTRATES:=TWO OPERATIONS IN SEQUENCE OF INSTANTANEOUS 
GROUND RELAY AND FIRST IMMEDIATE RECLOSURE. 


EL.I1- RESIDUAL CURRENT EL. 2- INDICATES BREAKER OPENINGS AND RECLOSURES 
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oa Beeeeeeuasene 


> fag 4 = : % 
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(c) 


ILLUSTRATES:-THREE OPERATIONS IN SEQUENCE OF REPEATER- 
TYPE FUSES, ONE LINE-TO-GROUND FAULT. 


EL. ! AND 2-PHASE C AND B CURRENTS EL. 3-RESIDUAL CURRENT 


— 
Fy sia tiaaea t 7 TRTCCVCTVTV CCT Ce eae eh oh hha on 6 
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(D) 
|LLUSTRATES:- THREE OPERATIONS IN SEQUENCE OF REPEATER- 
TYPE FUSES; LINE -~TO~LINE FAULT. 


EL. 1,2 AND 3-PHASE A,B AND C CURRENTS 


SERUSRHTERESSESSESESRESHA HT HRE KEES ETH SERSeOReR eRe ease ese eseeseeeare 
if 
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puseuses 
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DELUDED OTESGERSEEAeTEEHKA OOHRS HESS UReo ee eeseReeeseenasaseseneen, 


Cqeeeeeseeseasseaseaeaeaeessaeeeenseesene 
(E) 


ILLUSTRATES:- OPERATIONS IN SEQUENCE OF AN FP-19 
POLE-TOP OIL CIRCUIT -RECLOSER 


EL.1- INDICATES WHEN SUBSTATION BREAKER OPENS OR EL.2-NEUTRAL CURRENT EL.3-NOT USED 
CLOSES - FEEDER VOLTAGE AT SUBSTATION 


Figure 1. Illustrative oscillograms 
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500 


200 


TIME IN CYCLES 


TIME IN CYCLES 


500 600 700 
AMPERES-R.M.S. 


Figure 2. Magnitude and duration of fault 
currents 


Company C-12 kv 
7-2-37 to 3-7-39 

Approximate phase-relay charac- 
teristic—seven cycles allowed for breaker time 
— — — Instantaneous ground-relay charac- 

teristic including breaker time 

° Breaker-cleared disturbances 
Oo Fuse- or self-cleared disturbances 
© Fuse- or self-cleared after first reclosure 


Feeder 3003 


openings and consequently closed slightly 
ahead of the breaker.) The first illustra- 
tion also shows a typical transient follow- 
ing breaker reclosure and an instance in 
which the transient caused a false relay 
operation. These transients are discussed 
in the following section. The second illus- 
tration shows two operations in sequence 
of the breaker, both initiated by the in- 
stantaneous relay. In this latter case the 
fault was temporarily cleared but became 
reestablished about 40 cycles after first re- 
closure took place. 

Observations on several feeders which 
were equipped near the substation with 
repeater-type fuses (three-shot), indicate 
an average reclosure time of the fuses of 32 
cycles. Other observations indicate that 
pole-top reclosures, of the type used, op- 
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1000 {100 {200 


erate in from two to four cycles and re- 
close in from two to four seconds. 
The oscillograms pictured in Figure 


_1(C) and (D) illustrate operation in se- 


quence of repeater-type fuses. The first il- 
lustration is for a one line-to-ground fault 
while the second illustration is for a line- 
to-line fault. Figure 1(E) illustrates the se- 
quence of operation of a pole-top recloser. 


C. TRANSIENTS FOLLOWING BREAKER 
RECLOSURE 


Reclosure of breakers on sound feeders 
usually produced residual current tran- 


Table A. Operation of Cold-Cathode-Tube 
Relay 


— —<—— 


Without Delay* With Delay 
(20 Months) (17 Months) 


Total breaker openings 
considered........... 60 
Number showing fault 
current duration of 
less than twocycles... 
Average time (cycles) 
—initiation to 
breaker opening...... 7.0# 
Average time (cycles) 
—initiation to re- 
Closures. se. choueees 34.3# 


* Operation in 0.007 second. 


# One cycle added to allow for time required for 
oscillograph film to get in motion, 


“200 ~ 300 400° 500 600 


AMPERES-R.M.S. 


Figure 3. Magnitude and duration of fault 
currents 


Company D-13.8 kv Halls feeder 
5-96-36 to 7-11-38 
Approximate phase-relay charac- 
teristic—eight cycles allowed for breaker time 
— — — Approximate ground-relay charac- 


teristics including breaker time 


e Breaker-cleared dis- | Instantaneous 
turbances relays in serv- 
© Fuse- or self-cleared | ice 


disturbances 

Breaker-cleared dis- | Instantaneous 

turbances relays locked 
A Fuse- or self-cleared | out 

disturbances 


sients of fundamental frequency and non- 
symmetrical wave form caused by the in- 
rush of magnetizing current to distribu- 
tion transformers connected between 
phase wires and neutral. The general na- 
ture of these transients is illustrated in 
Figure 1(A) which shows an oscillogram of 
a fault cleared by an instantaneous relay 
on a feeder equipped for immediate re- 
closure. In this instance the transient op- 
erated the instantaneous relay and re- 
tripped the breaker. 

These transients have been studied with 
regard to their possible limitation on re- 
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. a : 
pickup current settings. It may be 
aid, in general, that where instantaneous 
osure (Halls feeder and feeder 7M35 
utilize this condition) such transients 
may place a minimum limit on relay 
pickup current settings. However, this 
limit need not be the maximum value of 
the reclosure transient (except perhaps in 
the case of tube relays which have no pur- 
posely introduced time delay) because the 
naximum magnitude of the transient oc- 
curs only within the first half cycle, the 
ansient attentuates rapidly and, due to 
e almost complete suppression of the 
pper (or lower) half of the wave, the 
ffective value is much less than that of a 
sine wave of equivalent peak value. This 
is well illustrated by the fact that only 
eight cases of false relay operation were 
recorded on the Halls feeder from reclo- 
‘sure transients although the instantaneous 
ground relay was set to pick up on 25 am- 
‘peres and the recorded maximum cur- 

rents from reclosure transients ranged up 
to 125 amperes. The currents from this 
cause recorded on the other systems 
ranged up to 300 amperes but no relay op- 
erations could be definitely attributed to 
reclosure transients. Current values 
quoted for reclosure transients are peak 
amperes divided by 1/2. 


D. UNBALANCED LOAD CURRENTS 


A study of the oscillographic data was 
made to determine whether unbalanced 
load currents in four-wire, multigrounded 
neutral feeders might impose an impor- 
tant limitation on the pickup current set- 
tings of ground relays in the range from 50 
to 100 amperes. The data obtained are 
summarized in Table B. 

Unbalanced currents due to switching 
and temporary two-phase operation, as 
well as those due tonormal load unbalance, 
have beenincludedinthis tabulation. The 
figures under the column headed ‘Total 
No.’ represent separate instances in which 
the unbalanced currents reached values 
sufficient to produce oscillograms. Mo- 
mentary load surges sometimes tripped the 
oscillograph as is evinced by the fact that 
sustained currents lower than the oscillo- 
graph tripping currents were recorded. 
Only in the case of the four-kilovolt feed- 
ers of company A did the unbalanced load 
current exceed the relay pickup current, 
and the only instance of breaker operation 
due to unbalanced load current occurred 
on one of these feeders. The ground re- 
lays on these feeders were an experimen- 
tal installation, and it seems to have been 
the practice to cut out these relays when, 
during emergency operation, a feeder was 
unbalanced by load being switched to or 
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Approx. taneous 
Oscillo- Ground 
graph Relay 
Trip Pickup 
Feeder Amps. Amps. Total No.* 


Data Regarding Unbalanced Local Currents 


Instan- Oscillograms Due to Unbalanced Load Currents 
oa EE Oe ee eae 


SEE Ee ee eee eee 


Company A—4 ky 


fa WN ae Ae LO Nae ai SO ce 1G 
Babee Oe... Obes 3: SUnS ey ect 
Company A—12 ky 

PL BOR ac viene y BOKet ear BO eats ee eye 
Be LRG ies we sy Oe un MOOG Wi aevan SNe: 
Company C—12 ky 

BOURASS acme renin OSS es BO sits as HOW ina: ans 
Company D—13.8 kv# 

BEA hy VN nee RO} hans BB eo vase Vic acts hike 


Above Current Max. Normal! 

Current of Magnitude Load Phase 
————— Range Current 
Amps No. Amps.** Amps. 

SQ rere Eee ofan MOLL Oley 150-200 

BQ iconate CARERS. 45-140........ 150-200 

MO errs Ol Atiae meas ROME atest terdies 10-20 (1934) 

CO nstd tier Bia tis cet 25-90 02.0005. 100-150 (1934) 
aNfeoter ena cadeteretclecshet tes 40) scene nes 60 (1035) 


2 (1935) 


See 


Se i a ae ee ee ee 


. PF : - ; ‘ 
In this tabulation a series of oscillograms obtained while the oscillograph was continuously operating 
due to the same unbalance is counted as one oscillogram. 


**Sustained current magnitudes. In a few instances the current magnitudes momentarily exceeded these 


values. 


#No records of measurable magnitude were obtained from Feeder 7M35. 


from another feeder. Most of the large 
unbalanced currents were recorded during 
such emergency operation. 

These data are limited but indicate that 
ground relay settings of from 50 to 100 per 
cent of normal maximum load current but 
not less than 25 to 35 amperes would be 
realizable. 


Effectiveness of Circuit Breakers 
and Fuses in Clearing Faults 


In order to study the efficacy of relays, 
circuit breakers and fuses in clearing 
faulted lines, “‘shotgun’”’ diagrams show- 
ing the magnitude and duration of all ob- 
served ground-fault currents having 
durations of one cycle or over were pre- 
pared for each feeder. On each of the dia- 
grams the approximate relaying time- 
current characteristic curves also were 
plotted. Illustrations of this type of dia- 
gram are given in Figures 2 and 3 for 
feeder 3003 and the Hall’s feeder respec- 
tively. In these figures the lines and 
curves coded as relay characteristics in- 
clude relay plus breaker time. For in- 
stantaneous relays the time of operation, 
considered the same for all currents above 
pickup current, was taken as the average 
duration of instantaneously relayed faults, 
as determined from oscillographic records, 
plus one cycle to allow time for the oscillo- 
graph to get in operation. The plotted 
points represent the durations of the indi- 
vidual disturbances, as shown by the os- 
cillograms, without any allowance for 
oscillograph starting time, a procedure 
followed to simplify handling the data. 
This, together with the fact that it is not 
always possible to determine accurately 
the duration from every record, accounts 
to some extent for the distribution of 
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points above and below the instantaneous 
relay characteristic. 

In general, the maximum current mag- 
nitude shown by each oscillographic 
record was used in plotting the points in 
the figures. Since most of the oscillo- 
grams showed a fairly uniform magnitude 
wave trace, the relays and fuses were usu- 
ally subjected throughout the duration of 
the disturbance to currents of approxi- 
mately the values plotted. A code is used 
to indicate the manner of clearance of the 
disturbances. 

The results of these analyses, which 
were made for all feeders, indicate that 
the manner of fault clearance was consist- 
ent with what would be expected from the 
relay and fuse characteristic curves and 
other known circumstances at the times of 
the disturbances. 


Performance of Fuses 


In every case which could be used for 
this phase of the study, the fuse was 
found to have cleared within the time 
shown by its characteristic curve. In 
many instances where the clearing was 
apparently much faster than expected, the 
correlation data indicated that more than 
one phase conductor was involved in the 
fault. Some cases of damage to fuse 
holders were reported but there is no indi- 
cation that the are was sustained after the 
fuse blew. 


Effectiveness of Fuse and Relay 
Co-ordination 


Where high-speed (instantaneous) re- 
laying and rapid reclosure are employed, 
the type of co-ordination sought is to pro- 
tect, in so far as possible, feeder and 
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Table IV. Faults Classified as to ees Cause and Nature of Trouble* 
Company A Company B 
4 Kv 12 Kv 6.9 Kv 
L-402 K-1202 
and L-406 and E-1215 19 and 20§ 
Per Per Per 
Description No. Cent No. Cent No. Cent 
A. Classification as to primary cause 
2 t d lightning season (April 15- 
MR ak nes, ey Teale RR Cre et eae Pyare 
25) P ry cause unknown—- occurred daring lightning 
iets nie lecatRel aiciesorera sce cue etave Satine er 8 /a\lsle,s eles tus efovelatete tale LSet WTR opel. a o-AenG il Oates 
Sum of Bove orobably. due to lightning in most — = >= — = = 
iNStancesy ej. t1e dio Som ebeD OED pitetst sts Snanboroncleno aoltin ay cod 134....69 bes NDT crite LOMO ners 
Syeawind rain, sleet, alld /Or SHOW. a:iisc clelsslclsinieieysls «6 ee Om crdtae lisiviaets Sr Levscetsd OG. xchat A ee _ Saleie 
4. Foreign objects in line (other than caused ay BiabOve) cmc eame aie QO eres LO le Mica wats pr ae Bs 
5. Primary cause unknown—occurred outside lightning 
season (Sept. 15—April 15)....... Reyes vais auehecbsee sbaferatsuste TL Diaetereteys OF Wa co Wie Ss eri le. Beck! Cae 
Total fataltsiese eee elaiorsrereie anatalel si sceieve fatlasevovey ole BS Ca ost ics bh PLOT RMON LOS wrerocrn site levatatenite LUS screeners 
B. Classification as to nature of trouble 
We Hlashoverss ciccc cis.c 6 os stelcke sicclne seers sadougcdod0 6.05) CY fom.o ceed fatornio tc VAG ieee Omens reretaye 2 i ccrcO2eiere's 
2. Insulator or bushing failure..... ewleteafeis atk 8 6 flee artists We RSA eect Lt SORLAP IC ae tn Oty 3 AEN oh 
SomAWALES: COW!ie siaieielelciere wieveietere Marelelsvetere rorvtenele BieYeieel st avekove Ubeieolos Josie tec. 0 LORS pie eee Alia TOU geist 
A EIrG SOT aiiinals ANNE errs elena vieleiesieleis lo eters arerore siojelens Oleue ca suet rete Le oO Ole terri. OF sitet F Sosusis 
5. Poles broken or blown over...... ShsOue Riaucre ereve smote Ls vieee cyehetentte Diatots be Lane etatoneys iste A ; 
6. Whipping conductors..... Sraereioyslsreveverchelers anoonoed Mires) Olsceteveustansicerere ane Oise lere inxs svotenelsvstole Disrinte h & fin tag 
Mietee CLOSSEC! WITS ie ce, ross Ore oe) sieeps)oisisce eslorere eve ielie 650K Quire temusteterensee< Visesetron Osi Dzareueter one A Fe Rem ORRORD.O 
8. Equipment failures Mercteyersebatsvelersetsleral sieredaveleoistaveraeierensr ois Oiyererhertaterstetats WF Od Beye rises dvauspetey Ose eis 
9. Trees or limbs in line (exclusive of those causing broken 
OLICLOSSEGuCONGUCTOLS) miler ereresiereleieraveferelerele oiere/« ae Sead ceronege Bieta) ay ichacmae 1 ra Wes 


*Correlation data were most complete in the case of companies A and B and feeder 7M35 of company D. 


————— 
Company C Company D 
eee ee 
12 Kv 13.8 Kv 
ae at 
3003 7M35 Halls 
Per Per Per 
No. Cent No. Cent No. Cent 
eel Ola To Genetane ts Dare Foleo sxetenekele Si eae 
OTe se OOU eieatee 9.0241... na ello. 
382. GORE actcer (He met loo coc ,1967.%).50% 
sec Lips ce Ost lions ne inns bas te 
F .OpmracieO iO easiette transi geod OItICNS Fe Er 6 
244 OO! warsererels (On sae Moosic BY fons ost!) 
633 sev siete Foe ate ieleta tater) . .295 
OO. 5706) Siew siets's LO nis «402, .260....88 
ae Oe shake an reece Ofeur clade erase Linn: 
Zp Distr sisi es ices Bis edd Viegas 
Re rie UA De epic Sire OO. cate aes 0 
Os cseevtser eens Ouastarne eaore el) 
Me Lives Una cite cies Ofer cataete MO 
(OL eee OSes Qu erect ccreurste 0 
By MGS sais, corel Oierstateaers Ondersapistomsreutes V2 ree 
ov) lO saterctars severe usec Liss. Biase T Seaman 


§These data include some faults not recorded by the oscillograph but which were indicated by the correlation data. 


Explanation of items used in classification: 


Flashovers—only cases where no damage other than fuse operation was reported. While a flashover is not definitely known to have occurred, the presumption from 


the character of the disturbance, is that such was the case. 


Many faults of short duration fallin this category. 


Conductors down—phase conductors, ground wires, etc.—no structures reported down. 


Equipment failure—transformers, lightning arresters, etc. 
Whipping conductors—contacts with other conductors, line structures, or structures adjacent to line. 


Foreign objects—wires, trees, or limbs in line, automobiles striking poles, etc. 


branch-line fuses during the first, and in 
some cases the second, tripout, so as to 
give faults, such as arc-overs due to 
lightning, an opportunity to clear before 
branch circuits or sections of the main 
feeder are interrupted and before perma- 
nent damage occurs. To provide against 
the contingency of permanent faults, the 
instantaneous relay is usually cut out 
prior to or in some cases following the first 
reclosure, and inverse-time relays are then 
depended upon for back-up protection of 
the circuit. The inverse-time relay in 
this case is set to allow branch-line fuses 
to clear before the breaker again oper- 
ates. Thus, the objective is to prevent 
fuses from blowing by the use of instan- 
taneous relays, while allowing them to 
blow before the inverse-time relay oper- 
ates. 

In the case of the 12-kv feeders of com- 
pany A and the feeders of company B, 
branch-line fuses were co-ordinated with 
inverse-time relays and some benefit in 
the protection of these fuses apparently 
resulted from the use of instantaneous re- 
lays. However, with the speed of breaker 
operation utilized on feeders of the capac- 
ity of these it appears impracticable to 
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protect branch-line fuses of about 40 am- 
peres capacity or less, as these smaller 
rated fuses usually blew before the 
breaker, operated by an instantaneous re- 
lay, could clear the fault. Co-ordination 
between fuses and inverse-time relays is 
evidenced by the fact that the inverse- 
time relays were seldom called upon to 
clear a disturbance. 

In the case of company C, it may be 
said that co-ordination appears to be 
good, since so many faults were cleared by 
the instantaneous relay and since so few 
of those which persisted beyond first re- 
closure were breaker-cleared. 

The Halls feeder has relatively few 
fuses, the maximum size being 40-am- 
peres. Since the feeder is fused near the 
substation, a fault at almost any location 
will have a fuse between it and the sub- 
station. Only 27 branch-fuse operations 
have been correlated with records of dis- 
turbances on this feeder and in each case 
they operated following lockout of the in- 
stantaneous relay but before the inverse- 
time relay contacts could close. Opera- 
tions of the inverse-time relays occurred 
on other faults following lockout of in- 
stantaneous relays. In all but four cases 


the current magnitude, with respect to the 
duration shown on the oscillogram, was 
below that for which a 40-ampere fuse 
would co-ordinate with the inverse-time 
relays. In three of these four cases there 
was apparently no fuse between the fault 
and substation; in the other case the cir- 
cumstances are not known. Thus, benefit 
apparently accrued from the protection of 
branch-line fuses by instantaneous relays. 
Also, the use of instantaneous relays may 
have prevented some cases of wire failure. 

The data from the four-kilovolt feeders 
of company A and feeder 7M35 of com- 
pany D are too meager to give much indi- 
cation on this subject. However, it is 
probable that some benefit accrued from 
the protection of branch fuses by instan- 
taneous relays. 


Effect of Ground Relaying on 
Continuity of Power Supply 


This study indicates that as compared 
with feeders utilizing inverse-time relays 
only, the use of instantaneous ground re- 
lays, while causing more frequent breaker 
operations, has increased the continuity 
of power supply, in that some branch-fuse 
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Figure 4. Magnitude Distribution of Recorded 
Sustained* Residual Currents 


Approx. 
Max 
Fault 

Current Highest 
at Sub- Current 
station Recorded 

Feeder Bus—RMS —RMS 


Code Feeder Kv Amperes® Amperes* 
a. beeper 4 ...4,500...1,020 
en ees 19 Se eats 6.9...3,000...1,140 
eo—e........ DO suas a's 6.9...3,000... 960 
eo——~—e R= OOS: . oe 12 ...5,000... 850 
Had ag ba Ree T2-;2.400... 680 
ZO: he ae BOO ce cans 12 ...4,000 ..1,030 
eo—--—e..... Halls: oi.<. WB 425-5. 7 4207 


+ Data from feeder 7M35 were not sufficient for pre- 
paring a curve. 


. 
* Largest magnitude sustained for three cycles or more. 
® For one line-to-ground fault. 


operations were prevented and probably 
some wire failures as well. Also, the in- 
stantaneous relays clear the fault much 
more quickly than do inverse-time relays. 
‘Thus, in the case of faults which were not 
permanent, momentary outages on the 
feeders were substituted for long time out- 
ages. Where instantaneous relays are set 
to pick up at much lower current than the 
inverse-time phase relays (see Figure 2) 
they furnish added assurance of positive 
disconnection in the fault current range 
between the two relay pickup current 
values, 40 to 320 amperes in this case. It 
should be pointed out that, except on 
feeders having limited fault current, in- 
stantaneous ground relays would not be 
expected to save branch-line fuses below 
30 or 40-ampere rating. 


Cause and Nature of Faults 


As far as it has been practicable, all 
oscillographic records have been corre- 
lated with cause and nature of the trouble 
on the power feeders. In Table IV all 
faults are classified in accordance with the 
attributed primary cause and nature of 
the trouble. The lightning classification 
has been divided into two parts; one in- 
cludes faults definitely correlated as due 
to lightning or to a storm during the light- 
ning season; the other includes correlated 
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Figure 5. Distribution of disturbance dura- 
tions 


Data obtained from feeder K-1202 before 
and after instantaneous ground relay installed 


Table V. Classification of Faults Involving Broken or Burned-Down Wires 


Company A Company B Company C Company D 
‘ 12-Kyv 
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*Figures in parentheses give faults involving broken or burned-down wires in per cent of total faults 


recorded. 


§25-Cycle feeders are carried on the same poles with feeder 20 at certain locations. 


Eight of the faults 


involving broken wires could oe associated with contact or flashovers between the wires of these two 


feeders. 


plus uncorrelated faults whose causes and 
natures were unknown but which occurred 
during the lightning season (April 15- 
September 15). Experience indicates that 
these latter disturbances are, in most in- 
stances, due to electrical storms. The 
sum of these two is believed to represent 
more nearly the true effect of lightning. 
The data show that lightning has been the 
major cause of trouble, accounting in gen- 
eral for about 60 per cent of the total faults. 

Trees have been reported as being re- 
sponsible for only a small percentage of 
the faults and the trouble from them was 
largely due to limbs or trees falling into, or 
being blown or cut into the lines. The 
data from none of the systems gave evi- 
dence of intermittent or sustained leakage 
currents which might be a possible limita- 
tion-to ground relaying. This has been 
substantiated by staged tests, conducted 
by two of the co-operating power com- 
panies, utilizing bare copper wires on 4 
and 11-kv power circuits. The tests were 
made when the sap was in the trees and 
contact with the energized conductor was 
much better than would ordinarily occur 
with a wire in accidental contact with a 
tree limb. The maximum fault current of 
10.5 amperes was recorded for a test in 
which the conductor was connected to a 
spike driven into a live willow tree trunk 
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two feet above ground. The next highest 
current (nine amperes) was obtained from 
a test in which the conductor was wrapped 
several times around a dogwood tree 
trunk seven feet from the ground and 
pulled tight enough to break through the 
outer bark. 

The above indicates that one or a few 
tree grounds are not likely to draw enough 
current to cause ground relay operation 
except where pickup currents are quite 
low, say below 25 amperes. It, therefore, 
appears likely that most tree trouble is 
due to branches getting across phase con- 
ductors, between phase conductors and 
neutral, or pushing the wires together, 
rather than to leakage through the trees 
to ground. 


Faults Involving Broken and 
Burned-Down Wires* 


All correlation data from each power 
system have been examined to determine, 
as far as practicable, those faults which 
apparently involved broken wires. The 
results as regards the causes of these 
faults are summarized in Table V. The 
major causes were wind and acts of man. 


* In this section no distinction is made between 
broken and burned-down wires or between phase 
conductors and ground wires. 
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Although the data regarding the question 
of broken wires are, in some instances, 
rather meager, they indicate that of the 
total faults experienced on most of the 
feeders only a small percentage involved 
broken wires. ; 


Magnitude and Duration of 
Recorded Residual Currents 


Data obtained regarding the magnitude 
distribution of sustained fault currents 
(largest magnitude sustained for three 
cycles or more) are given by cumulative 
percentage curves in Figure 4. The ordi- 
nates of these curves indicate the percent- 
age of faults in which the current magni- 
tudes equalled or exceeded the corre- 
sponding abscissa. Since, in most in- 
stances, the wave traces are fairly uni- 
form, the distribution of maximum cur- 
rent values would be essentially the same 
as is shown in Figure 4. 

The duration distribution of the cur- 
rents recorded on feeder A-1202 of com- 
pany A are given by cumulative percen- 
tage curves in Figure 5. One curve is for 
the records obtained after the feeder was 
equipped with an instantaneous ground 
relay; the other curve is for the period 
when the feeder was equipped only with 
inverse-time relays and is included to 
show the effect of instantaneous relaying. 
The first mentioned curve is typical of the 
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data from all of the instantaneously re- 
layed feeders. 


Summary 


1. Oscillographic data obtained under 
operating conditions regarding the per- 
formance of feeders equipped for instantane- 
ous ground relaying and immediate auto- 
matic reclosure are given. These data are 
presented as a matter of information and 
not in advocacy of any particular form of 
ground-fault protection. 


2. The observations described herein, as 
well as others made during the same study, 
indicate that relays, fuses, and circuit inter- 
rupters operate consistently and reliably 
on currents at or above which they are set 
or designed to operate. 


3. Considering only faults which persisted 
at least until initial breaker-opening, the 
percentage in which feeders were clear on 
first (immediate) reclosure ranged from 50 
to 100 per cent, the average being about 70 
per cent. 


4. The average time from initiation of 
fault to first breaker-opening ranged from 
7 to 15 cycles for the various feeders; 
average time from initiation of fault to first 
reclosure ranged from 34 to 57 cycles. 


5. A main objective of instantaneous re- 
laying and immediate reclosure is to substi- 
tute a brief outage on the whole feeder for 
a long time outage on a branch by prevent- 
ing branch-line fuse outages on temporary 
faults such as flashovers. This was success- 
fully accomplished in most instances for the 
feeders under observation except where 


fuses were less than 40 amperes rating on 
the higher capacity feeders. 


6. On four-wire feeders, a transient caused 

by magnetizing current taken by distribu- 

tion transformers on breaker reclosure may 

limit the pickup current for which in-— 
stantaneous ground relays can be set if these 

relays retain control of the breaker for more 

than the first opening. 


7. Data regarding the magnitude of un- 
balanced load current on the multigrounded 
neutral circuits were limited. However, it 
would appear that ground relay settings of 
from 50 to 100 per cent of normal maximum 
load current but not less than 25 to 35 
amperes would be realizable. ; 


8. Lightning was the major cause of 
trouble, accounting in general for about 60 
per cent of the total faults. 


9. Trees were responsible for only a small 
proportion of the total faults. Trouble 
from them was largely due to branches or 
trees falling into or being cut or blown into 
the lines. On no system was there evidence 
of intermittent or sustained tree leakage 
being a possible limitation to ground relay- 
ing with pickup currents of the order indi- 
cated in (7) above. This is further sub- 
stantiated by staged tests in which the cur- 
rent drawn by well made tree grounds was 
measured. 
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High-Capacity Circuit-Breaker Testing 
Station 


J. B. MacNEILL 
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EN years’ experience with a high- 
power laboratory, giving approxi- 
mately 1,100,000 three-phase initial sym- 
metrical kilovolt-amperes on short circuit 
at the machine bus, has defined its use- 


fulness and limitations and has resulted 


in an addition to its installed equipment. 
By taking advantage of assymmetry this 
capacity has been sufficient to demon- 
strate ratings up to 1,500,000 kva, and 
the increased testing capacity is required 
to demonstrate interrupting ratings of 
2,500,000 kva. 

The previous equipment was capable 
of testing most circuit breakers up to 
their interrupting rating, but for the 
largest sizes special methods of testing 
had to be used to approximate the condi- 
tions at the breaker rating. 


1. Single-phase testing on three-phase de- 
vices. This method is generally satisfactory 
providing the influence of adjacent phases 
on closing operation, speed of contact action, 
and restored voltage conditions are allowed 
for. It is particularly valuable on large de- 
signs with good phase isolation, but must be 
carefully supervised on compact designs 
where the influence of adjacent phases may 
be great. 


2. Double-phase to ground on a single- 
pole,? with the contact cross bar grounded, 
was first used in Europe and is valuable on 
multiple-interrupter devices as it increases 
the total voltage on the pole unit for a given 
current and gives tank pressures correspond- 
ing to energy losses not otherwise obtain- 
able. However, its use requires care, as the 
first interrupter to clear opens only 87 per 


cent of phase-to-phase voltage, and the volt- 
EE —————————————EEEE 
Paper 42-26, recommended by the AIEE com- 
mittee on protective devices, for presentation at 
the AIEE winter convention, New York, bs ee do 
January 26-30, 1942. Manuscript submitted 
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December 8, 1941. 
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age across the second interrupter is limited 
to the phase-to-phase value. Thus, a 
double 66-kv connection used to demon- 
strate 132-kv is limited in that the first in- 
terrupter opens 57.4-kv and the second 
opens 66-kyv. 


3. The use of high superposed voltage on a 
low-voltage circuit? has been advocated 
and discussed widely. Our experience with 
it indicates it is not sufficiently reliable for 
general use since the current wave form of 
the low-voltage circuit as it approaches 
final zero is affected, and leakage currents 
in the arc space around current zero are al- 
tered. 


Because of these limitations in testing 
capacity, it has been desirable in some 
cases to design circuit breakers with mul- 
tiple interrupters arranged for adequate 
distribution of voltage between them, 
each of which either singly or in groups 
can be adequately demonstrated for the 
maximum duty imposed onit. Eight and 
ten units per pole have been designed for 
very severe apparatus conditions and 
these designs have been presented to the 
Institute.4 This practice, while giving 
satisfactory results in operation, requires 


Figure 1. The layout of the buildings, test 
cells, and principal pieces of equipment 
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a complication of design which should not 
be necessary in the future with the in- 
creased demand for high-power and high- 
speed switching, 

On the other hand, when an attempt is 
made to simplify the structure of high- 
voltage and high-power interrupting de- 
vices, the need for increased testing ca- 
pacity is evident, since the burden on the 
individual interrupter is increased and 
its reliability must also be above question. 
As an illustration, at the 1941 winter 
convention a single interrupter for 2,500,- 
000-kva service at 132 kv was presented.5 
This trend, moreover, will be prominent 
in future design because of low arc energy, 
simplification of structure, and reduced 
cost. 

Also, the use of compressed air for 
powerhouse installations is growing and 
2,500,000-kva interrupting-capacity de- 
vices have been built and tested using a 
single break per pole. There are possi- 
bilities of space saving with this type, but 
such space reduction of three-pole devices 
increases the hazard of adjacent poles, 
and makes three-phase testing under full 
power and voltage conditions desirable. 
The results of such tests made in the 
laboratory here discussed are given in the 
paper by Ludwig, Wilcox, and Baker at 
this convention. 

The laboratory described below is felt 
adequate for the future demands of Ameri- 
can switchgear practice; in fact, its com- 
plete power is necessary for the largest 
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Figure 2. Station 2—a second generator 
doubles the short-circuit capacity 


capacities only. However, it is in these 
large capacities that the major problems 
of switchgear design occur, including high- 
speed interruption, high-speed reclosing, 
and repetitive duty. These problems 
require continued activity, not only on 
existing types of apparatus, but espe- 
cially on those newer forms now becoming 
active in this country, and on which a 
background of field experience at high 
power is lacking. 


Development and Use of the 
Laboratories 


The Westinghouse program of provid- 
ing equipment for high-capacity short- 
circuit testing was inaugurated in 1925 
when generating equipment capable of 
producing 400,000 initial three-phase 
symmetrical short-circuit kilovolt-am- 
peres was installed. This was available 
at generator voltages only. Extensive 
use was made of this equipment, but 


Figure 3. The new transformers and bus 
structure permit testing to 345 kv three phase 
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transformers to extend the range of test 
voltages were needed. A bank of three 
33,333-kva transformers together with a 
suitable high-voltage cell was put in serv- 
ice in 1928 to permit testing up to 230 kv. 
This transformer bank, which was larger 
than necessary at the time, was selected 
as the need for more generating capacity 
was already apparent. In 1930 the second 
generating station designed to house two 
60,000-kva generators (nominal rating) 
was constructed, and one generator was 
installed. During the following ten 
years, this generator was used in making 
about 47,000 short-circuit tests. The 
need for more generating capacity became 
apparent late in this period and the second 
60,000-kva unit was put in service in 
1940. At this time a second bank of 
33,300-kva transformers was installed to 
provide testing capacity at the higher 
voltages commensurate with the increased 
generating capacity. 

To supplement this equipment, a high- 
current low-voltage transformer bank and 
a high-current test cell were added in 
1940, and in 1941 a low-temperature test 
room was provided. 

Since 1925 approximately 100,000 
short-circuit tests (including both large 
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and small generators) have been made in 
these laboratories. Although the greater 
part of this work has been for the purpose 
of determining interrupting ability of 
circuit breakers, many other types of 
equipment have been subjected to short- 
circuit tests. Included are: 


1. Porcelain insulators—resistance to 
power arcs 

Lightning arresters—power-follow tests 
Power transformers—short-circuit tests 
Current-limiting reactors 

Current transformers 

Fuses 

Bus bar structures 

High-voltage capacitors 


Potential devices 
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Generating Equipment 


The physical arrangement of the essen- 
tial parts of the Westinghouse Electric 
and Manufacturing Company’s high- 
capacity testing plant is shown in Figure 
1. In the original station 1 is located the 
40,000-kva set which consists of two 
20,000-kva generators driven by a 3,300- 
horsepower wound-rotor motor. Sepa- 
rately driven exciters are provided. 
Since the larger generators of station 2 
were put in service, the 40,000-kva plant 
is used for smaller apparatus which it can 
test to full short-circuit rating. Also, for 
most of the work requiring the high- 
current low-voltage transformers, the 
40,000-kva plant has adequate capacity. 
The generators in station 1 have an initial 
reactance of approximately 10 per cent, 
hence a short-circuit output of 400,000 
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Figure 4. Inside the cold room with a sleet 


test in progress 
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. Figure 5. Power circuits combine simplicity 
and flexibility 


initial three-phase symmetrical kilovolt- 
amperes may be obtained. By different 
generator coil arrangements full capacity 
of this plant may be obtained at 3.8, 6.6, 
7.6 and 13.2 kv at 60 cycles. No provi- 
sion is made to operate this plant in 
parallel with the larger generators in 
station 2. 

In the newer station 2 are located two 
60,000-kva (nominal rating) generator 
sets. These machines when operating in 
parallel can produce an initial three-phase 
symmetrical short circuit of approxi- 
mately 2,000,000 kva at the 13.2-kv test 
cells. Each of these sets consists of its 
generator, a 6,000-horsepower wound- 
rotor driving motor, and a direct-con- 
nected exciter. The machines have 14 
poles, hence they run at 514 rpm for 60- 
cycle operation and 219 rpm for 25-cycle 
operation. Since liquid rheostats are 
provided for starting, lower frequencies 
may be obtained by operating with re- 
sistance in the rotor circuits. 

The two sets are mechanically inde- 
pendent, although provision has been 
made to couple them if it ever becomes 
desirable. Because of the 700-kw friction 
and windage loss of each set, an important 
saving in power is obtained by operating 
only one machine when it is adequate. 

When parallel operation of the two 
generators is required, they are synchro- 
nized electrically, reactors being provided 
for this purpose. This operating arrange- 
ment has proved very satisfactory. The 
rotors of the two sets have the same in- 
ertia, and under the most severe short- 
circuit conditions, there is no tendency 
for the two sets to pull out of step. 
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From a casual observation (Figure 2) 
it would appear that the two generators 
are identical. However, the unit built in 
1940 takes advantage of certain refine- 
ments in materials and incorporates some 
of the advances made in generator design. 
The total weight of each machine is 550 
tons, being about equally divided between 
stator and rotor. The rotor diameter is 12 
feet and has a peripheral speed of 22,000 
feet per minute. The inertia of each rotor 
is 8,500,000 pound-feet?. As is shown in 
Figure 2, the stators are spring-mounted 
to cushion the shock on the foundation 
at the time of short circuit. 

Full capacity may be obtained from 
these generators at 7.6 and 13.2 kv at 60 
cycles and at 3.12, 5.5, 6.25 and 11 kv at 
25 cycles. 

The stored energy in the rotors of these 
sets is adequate to absorb the losses pro- 
duced by short circuits, and it is unneces- 
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sary to disconnect the driving motors ex- 
cept in special cases where the short cir- 
cuits are sustained for several seconds. 
This stored energy presents a problem 
when bringing the sets to a stop. With 
no braking, it takes two hours for the sets 
to come to a standstill. Provision is made 
to supply d-c to the driving-motor pri- 
maries and to let their secondaries feed 
energy into the liquid rheostats. In this 
way they can be brought to rest in about 
eight minutes. 


High-Voltage Equipment 


To provide for the testing of apparatus 
at voltages in excess of 13.2 kv, the trans- 
former station is available (Figure 3). 
This installation includes six 33,333-kva 
single-phase transformers. They are 
supplied directly from the generators at 
13.2 kv. The secondary of each unit 
consists of six 22-kv coils. Hence volt- 
ages of 22, 38, 44, 66, 76, 88, 115, 132, 152, 
and 230 kv are available with full capa- 
city. The original three transformers are 
insulated for 132 kv-to-ground and the 
newer three for 196 kv-to-ground so that 
they may be connected in series to give 
higher voltages. It is, therefore, possible 
to obtain 345 kv, three-phase L-L with the 
neutral grounded and 396-kv single-phase 
with mid-point grounded. The 345-kv 
three-phase connection is made with one 
winding at 132 kv in series with another at 
66kyv. Hence, due to differences in cur- 
rent carrying ability of the transformers, 
this connection is not suitable for the full 
capacity of the transformer bank. Various 
voltages other than those mentioned are 


Figure 6. The station operator at the control 
desk has a direct view of all test cells 
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Figure 7. Duplicate sequence drums facili- 

tate changes between tests and make possible 

simultaneous testing at both transformer and 
generator voltages 


obtainable but in most cases not at full 
capacity as there are unequally loaded 
transformers involved. The reactance 
of the transformers is low so that their 
output, single-phase, is 75 per cent of the 
generator-bus kilovolt-amperes and on 
three-phase tests is 65 per cent. Six 
potential transformers, three insulated 
for 196 kv-to-ground, are provided for 
oscillographic recording of voltages. 
Power from the transformers is fed to 
the test cell 2 where all testing at voltages 
above 13.2 kv is conducted. The only 
modification required as far as the test 
cell was concerned, when the second 
transformer bank was installed, was a new 
group of roof bushings adequate for 198 kv 
and a slight increase in the height of the 
cell to accommodate the larger bushings. 


High-Current Transformers 


To provide for momentary and five- 
second current-carrying tests, a bank of 
low-voltage high-current transformers has 
been provided. These transformers giv- 
ing open-circuit voltages of 625, 1,250, 
2,500, and 5,000 volts are located in an 
enclosure which forms a high-current test 
cell. On the 625-volt connection they are 
suitable for five-second tests at 200,000 
amperes, three-phase or 345,000 amperes 
single-phase. At these currents the ter- 
minal voltage drops less than 50 per cent. 
These transformers are also useful for in- 
terrupting tests at low voltage. 


Cold Room 


When it was decided to provide a re- 
frigerated room in which high-voltage 
breakers could be tested under severe 
sleet and temperature conditions, it be- 
came apparent that the high-current test 
cell could be used for this purpose. This 
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room is about 25 feet long, 12 feet wide, 
and 25 feet high, hence has ample space 
for high-voltage breakers. It was insu- 
lated and an air-cooling and circulating 
unit was installed at the end away from 
the door. The compressor equipment 
was placed some distance away. Tem- 
peratures of —20 degrees Fahrenheit with 
outside temperature of 90 degrees Fahren- 
heit are easily obtained (Figure 4). A 
110-kv bushing from this cell to the trans- 
former yard provides for high-voltage 
interrupting tests. This test cell is, 
therefore, used for fuse testing, high-cur- 
rent testing, and low-temperature work. 


Power Circuits 


When the second 60,000-kva generator 
was installed, a number of changes was 
made in the bus system providing a more 
direct run to the test cells and the trans- 
formers. The arrangement of the power 
circuits (Figure 5) was made with the idea 
of flexibility as one of the principal con- 
siderations. Each generator has its own 
breaker, current-limiting reactor, and 
closing switch. Disconnecting switches 
are provided so that either or both 
60,000-kva generators can supply power to 
the 13.2-kv test cells, either or both to 
either transformer bank, and either or 
both to the high-current low-voltage 
transformers, or directly to the high-volt- 
age test cell 2. The two 20,000-kva units 
can supply power to cell 1, to the high- 
current transformers or the high-voltage 
cell, and to transformer bank 1. 

The connections from the generator 
coils to the generator setup switches con- 
sist of flexible cable firmly cleated in place. 
From the setup switches to the closing 
switches, copper tubing covered with 
Micarta tubing is used. This assembly 
is supported by Micarta cleats spaced at 
short intervals. Beyond the closing 
switches, the bus carrying the output of 
both generators consists of a square tubu- 
lar copper conductor similarly insulated 
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Figure 8. The 


oscillograph table and relay board 


with Micarta tubing and supported by 
Micarta cleats. In the test cells the same 
type of conductor is used but porcelain 
insulators are provided instead of Micarta 
tubes and cleats. 

The two banks of current limiting reac- 
tors provide a wide range of flexibility. 
Each bank consists of 18 units (6 per 
phase). By means of disconnecting 
switches nearly 100 combinations are 
available, hence the reactance can be 
varied from its maximum of 5 ohms per 
phase to 0 in small steps. 

It will be noted from Figure 5 that there 
is a total of six test cells available, thus 
making possible the assembling or dis- 
mantling of apparatus in some cells while 
tests are being conducted in others. 


Control 


The operation of the equipment in 
station 2 is controlled from a central con- 
trol desk located in the control house 
(Figure 6), so arranged that the operator 
observes the equipment under test. This 
desk is very complete with indicating in- 
struments, protective relays, annuncia- 
tors, and buzzer for all protective devices 
and test jacks for checking all measuring 
and control circuits. 

At various points about the laboratory 
and yard are located safety switches. 
Anyone working in the area covered by 
one of these switches moves the switch 
to the safe position and every switch 
must be restored to the operating position 
before voltage can be applied to the gen- 
erators. Indicating lamps on the control 
desk show the position of these various 
switches. In addition, it is the operator’s 
duty to see or otherwise account for all 
the individuals working around the yard 
before energizing the equipment. 

The station is equipped with all the 
usual protective relays as well as photo- 
cells which clear the circuits and de- 
energize the generator fields in case of a 
power are anywhere in the station. Fur- 
thermore, an observer is stationed in a 
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in “the generator 
of an emergency 


‘ tation, The observer also 

‘ 

_ chan; reactor switches when 
c ranges in current are required, but, as 
X gy Siew all control of the 


--closing switches are used instead of 
kers for initiating the short circuit, 
1 opening tests on breakers are being 
These switches can start the 
s) hort circuit at any desired point on the 
voltage wave, thus controlling the degree 
of current asymmetry on single-phase 
tests. As the closing time of these 
Switches must remain constant, they are 
spring-closed and are operated by a sole- 
noid mechanism which latches theswitches 
in the open position. Synchronized clos- 
ing is accomplished by tripping a grid- 
_ glow tube from a small impulse generator 
adjustably coupled to the main generator 
shaft. The grid-glow tube energizes the 
unlatching coil on the closing switch. 
As the operating time is constant within 
- 0.0015 second, a close control of current 

asymmetry is possible. 
In the control room are located (Figure 
_ 7) sequence drums which control the ac- 
tual operations for a test, once the proper 
_ series reactance has been chosen and the 
generators excited to the proper voltage. 
In a normal opening test, the sequence 
drum starts the oscillograph, closes the 
closing switches, trips the test breaker, 
trips the generator backup breakers and 
trips the generator fields. In case of a 
close-open test, the operator closes the 
closing switches before starting the se- 
quence drum and the drum closes and 

opens the test breaker. 


Two sequence drums are provided, 
making it possible to test in two locations 
simultaneously. For instance, one gen- 
erator may be used for a test in one of the 
13.2-kv cells while the other is used for a 
test in the high-voltage cell. Adjustment 
of the time interval between the function- 
ing of the various devices controlled by 
the sequence drums is accomplished by 
moving the cams with respect to each 
other. The cam-operated switches are 
connected to plugs as shown in Figure 7, 
and all essential controls are brought to 
jacks on the panels above the sequence 
drums. This arrangement provides great 
flexibility of control. 
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tripped in case of any. 


a 


Measurements 


Magnetic oscillograph records are al- 
most invariably made of all tests. Figure 
8 shows the oscillograph table (also lo- 
cated in the control room). Two multi- 
element oscillographs are available and 
when desired, they can be operated as a 
single unit thus making available a total 
of 18 records. All potential and current 
transformer secondaries are brought to a 
plug board above the oscillograph table. 
Current transformers are used for all cur- 
rent measurements, specially designed 
units being provided to assure accurate 
current records. Potential transformers 
are located on the 13.2-kv bus supplying 
test cells 3, 34, and 4. No potential 
transformers are supplied in the high- 
current cell. When required, portable 
units are used. Currents in the high- 
current transformers are measured on the 
primary or 13.2-kv side. Several relays 
are available from each test cell to the 
oscillograph table to take care of travel 
records, pressure indicators, and any other 
desired measurements. 

A cathode-ray oscillograph of the cold- 
cathode type for measuring recovery- 
voltage transients is located on the second 
floor of the control house. An overhead 
transmission line provides the connection 
between the oscillograph and the test 
cells. 


Transient Recovery Voltage 


The severity of circuit-breaker testing 
depends not only on the voltage and cur- 
rent of the circuit but also on the rate at 
which the voltage appears across the 
breaker contacts during the recovery 
transient. The layout of the laboratory 
with the reactors close to the test cells 
makes it possible to obtain high natural 
frequencies, and values up to about 
200,000 cycles per second have been re- 
corded. Transients and breaker per- 
formance on these test circuits can be 
the equivalent of those obtained under 
severe service conditions. 


Observation 


A limited number of witnesses can be 
accommodated in the control room, but 
for the larger number of observers present 
for a demonstration test, a large room af- 
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_fording a good view of the test cells is 


provided on the second floor of the control 
house, 


Operating Experience 


The location of the high-capacity test- 
ing station within a manufacturing plant 
has been justified by sixteen years success- 
ful operation and the close effective co- 
operation thus obtained among the de- 
sign, manufacturing, and test depart- 
ments, 

This high-capacity testing laboratory 
is in effect a power station capable of de- 
livering, momentarily, a short-circuit 
output comparable with that obtainable 
on large power systems, In contrast, 
however, it carries no continuous load, 
and a short circuit is a normal instead of 
an abnormal condition. The flexibility of 
the testing station permits the duplicat- 
ing of many voltages and currents corre- 
sponding to different service classes and 
ratings of equipment. Accurate control 
of the conditions and complete records 
of performance produce experimental 
data which, when properly used, result in. 
circuit breakers and other equipment of 
adequate design and proven ratings. 
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Electrical Drives for Wide Speed Ranges 
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HE electrical drive for a wide speed 

range is obtained by the addition of a 
rotating regulator called a Rototrol to a 
conventional variable voltage system. 
This combination will give a speed range 
of 120 to 1 or more, and can be used effec- 
tively in many industries to simplify the 
mechanical design of the machine which 
it drives. Its use eliminates elaborate 
gear-change mechanism, clutches, and so 
forth, and at the same time gives a more 
flexible control scheme with the complete 
speed range under the control of the 
operator without leaving the work or 
stopping the machine. 

The conventional variable voltage or 
Ward-Leonard scheme of control is the 
accepted method of obtaining speed 
ranges in excess of 6 to 1 with 20 to 1 
about the maximum range. This range 
is obtained by combination of motor-field 
and generator-voltage control. The 
amount of field control is limited by mo- 
tor stability, and the amount of voltage 
control is limited by speed regulation and 
maximum torque. The addition of regu- 
lating devices and other refinements to 
improve the characteristic of this scheme 
make it possible to extend the range into 
the field that can be defined as a wide 
speed range. 

The increase in speed range has been ac- 
complished by widening the range of volt- 
age control, the range in field control re- 
maining not more than 4 to 1 and prefer- 
ably only 2 to 1. Therefore this type of 
drive is best suited to a load which has 
constant torque characteristics. The 
machine tool industry has many applica- 
tions of this type, and it is here that the 
wide-speed-range drive has been ap- 
plied. Feed drives on boring mills, 
milling machines, automatic screw ma- 
chines, and so on, have constant torque 
characteristics as the load consists mostly 
of overcoming friction of the moving parts. 
Wide ranges of feed speed are required to 
satisfactorily machine the wide variety 
of sizes and kinds of metals. With the 
wide-speed-range drive, these speeds are 
always immediately available to the op- 
erator without the necessity of leaving 
the work and stopping the machine to 
change gears. Speed regulation is good, 
and when desired the rheostats can be 
calibrated to read feed speed directly. 

To develop a satisfactory wide-range 
variable-voltage drive it has been neces- 
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sary to compensate for certain character- 
istics at the low speed that are not im- 
portant at high speeds. The two most 
important factors are the residual voltage 
of the generator and the JR drop of the 
system. 

Most commercial generators have a re- 
sidual voltage of between three and four 
per cent. This would mean that the no- 
load speed of a motor which is being 
driven from such a generator by variable- 
voltage control is limited to a no-load 
speed range of about 25 to 1, since the 
residual will not permit a voltage lower 
than itself to exist. If it is desirable to 
extend the range beyond 25 to 1, it be- 
comes necessary to make some arrange- 
ment to overcome the residual voltage. 
Also, since the residual is a function of 
the previous magnetic history of the gen- 
erator, it is necessary that the equipment 
used to overcome residual must be able to 
determine the actual conditions which 
exist. 

The speed of the d-c motor will nor- 
mally drop as load is applied due to the 
IR drop in the system. Since a feed 
mechanism must run at constant speed 
regardless of the load, it is necessary that 
the speed-torque characteristic of the 
motor driving the feed be practically flat. 
Since the normal drop on a d-c motor is 
due almost entirely to JR drop, some ar- 
rangement must be made to increase the 
applied voltage by the amount of the JR 
drop as the load is applied so that the in- 
duced voltage, and therefore the speed 
of the motor, will remain constant. 
These requirements would indicate that 
some means of regulation must be sup- 
plied in order to maintain the desired 
characteristics. It has been found by 
experience that a rotating regulator or 
regulating generator is satisfactory for 
this particular function and has been 
widely applied. 

This type of rotating regulator was 
first developed for elevators and a large 
installation was made in Radio City in 
1934. Since that time the Rototrol has 
been used in many industrial applica- 
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tions. It is the heart of the variable- 


_ voltage planer drive and has been proven 


in service over a period of several years. 
Other applications include paper mill 
drives, electric shovels, and skip hoists. 
In appearance it looks the same as a 
standard d-c generator and is usually 
mounted as a unit of the variable-voltage 
motor generator set. 

In the use of any regulator which is to 
vary the voltage of a generator, it is pos- 
sible to have the regulator take care of 
only the changes which are required, or 
to incorporate in it the total excitation of 
the machine to be regulated. Where 
very great voltage range is required and 
where the response should be quick and 
accurate, we have found it desirable to 
incorporate in the rotating regulator only 
the regulating functions which are de- 
sired and to supply the normal excita- 
tion from some other source. The most 
satisfactory method to supply the regu- 
lating current to the fields of the genera- 
tor is by use of a Wheatstone bridge cir- 
cuit in which the armature of the rotat- 
ing regulator is placed where the galvan- 
ometer in the conventional bridge is lo- 
cated. This is shown in Figure 1. 

In this circuit generator fields GF1 and 
GF2 are identical as are regulator fields 
RF1 and RF2. Resistors R1 and R2 are 
equal to each other and to the sum of the 
resistances of a regulator and a generator 
field. Thus all four legs of the bridge are 
of the same resistance, and a balanced 
bridge results. 

It can be demonstrated that in a bal- 
anced-bridge circuit of the type described 
when a source of voltage is connected to 
points A and C, points B and D have the 
same potential, and consequently no cur- 
rent from said source tends to flow 
through any circuit connected between 
Band D such as the armature of the regu- 
lator. The converse is also true that a 
source of voltage applied to points B and 
D will not cause any current from said 
source to circulate in a circuit connected 
to points A and C such as the exciter cir- 
cuit. 

It can also be demonstrated that in a 
circuit as described, if the exciter voltage 
applied alone to points A and C circulates 
Ia amperes in each leg A-B and C-D (con- 
taining the variable-voltage generator 
and regulator-field windings) and if the 
regulator armature voltage applied alone 
to points B and D circulates Jb amperes 
in each leg A-B and C-D, then when the 
two voltages are applied together they will 
circulate in each leg A-B and C-D a cur- 
rent equal to the algebraic sum of Ja and 
Ib. Thus the use of a balanced-bridge 
circuit permits complete independence of 
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the excitation and regulating currents 
even though they have common paths in 
the field circuits of the generator. 

Figure 1 shows a schematic diagram 
of the equipment required for a wide- 
speed-range feed equipment for a machine 
tool. For the purpose of simplicity 
many of the control elements such as 
operating coils for the various contactors, 
_ control stations, and so on, have been 
omitted as they are not required for this 
_ discussion. It can be seen that this cir- 
_ cuit is basically the variable-voltage sys- 
; tem except for the addition of the regu- 
lating generator and its associated cir- 
cuits. These additions, however, ex- 
tend the range of speed adjustment and 
give much better regulation than can be 
obtained with a straightforward variable- 
voltage system. The generator differ- 
ential field GF3 and its contactor BR are 
a part of the variable-voltage scheme 
which prevents creeping in the off posi- 
tion and are not involved in obtaining 
the wide speed range. 

If the generator-field rheostat be set at 
some position and the forward directional 
contactors F be closed, current will flow 
from the exciter through the two branches 
ABC and ADC of the bridge. This cur- 
rent, Ja, flowing through the generator 
fields GF1 and GF2 will cause the genera- 
tor to produce a voltage across its arma- 
ture and thus across the motor armature. 
Since the motor field is excited, the motor 
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will run at the speed determined by its 
field strength and its applied armature 
voltage, assuming no load and thus no 
current and no JR drop in the armature 
circuit. 

The current Ja flowing in the regulator 
fields RF1 and RF2 will set up a magneto- 
motive force in the regulator which will 
cause it to generate a voltage which will 
tend to circulate a current Jb in the direc- 
tion so as to strengthen the fields of the 
generator and regulator in the bridge 
circuit. 

This magnetomotive force is not per- 
mitted to act alone in the regulator but is 
balanced by the magnetomotive force of 
field RF3 which is connected so as to be 
differential to RFl and RF2. Its strength 
is adjusted by resistor R5, so that at this 
condition of operation, its ampere-turns 
are equal in magnitude to the ampere- 
turns of RFl and RF2. Thus the fields 
in the bridge circuit get a cue as to the 
value of voltage which is desired and the 
field across the armature circuit measures 
the actual voltage which is obtained. 
Since at no load the speed of the motor 
is determined by its applied voltage, we 
might consider these two regulator field 
circuits to compare actual speed with 
desired speed. 

If the calibration of the fields has 
been made at the point being described 
then the resultant regulator magnetomo- 
tive force is zero and no voltage is present 
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FIELD RFS 
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Figure 1. Schematic 

diagram of main cir- 

cuits of the wide- 
speed-range drive 
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across its armature terminals and thus the 
regulating current Jd is zero. 

Let it be assumed, however, that this 
condition of operation being described is 
not at the calibration point but at some 
other value of speed, and that, due to 
shape of the saturation curve or to effeet 
of the hysteresis loop of the generator, 
the voltage generated is not as great as 
it should be to give the motor speed de- 
sired. Then the differential ampere- 
turns in RF8 are not so great as the cumu- 
lative ampere-turns in RF1 and RF2, 
leaving a resultant ampere-turns which 
cause the regulator to circulate current 
Ib in the direction shown in Figure 1. 
This current causes an increase in actual 
generator-field current, as shown earlier 
in this paper, and thus causes the gen- 
erator voltage to increase to the value it 
should have. 

To maintain this regulating current at 
the necessary value, the constants of the 


circuit consisting of the regulator arma- 


ture, the resistances of the bridge circuit, 
and the regulator fields RF1 and RF2 
must be such as to make the circuit self- 
energizing. This can be done by adjust- 
ing resistor R3 so that the field character- 
istic line of the combined effects of fields 
RF1 and RF2 will be coincident with 
the air-gap line of the no-load saturation 
curve of the regulator generator for 
those fields alone. Thus the regulator 
will force enough regulating current Jb 
through the generator fields until the 
proper operating point is reached. At 
this time the ampere-turns due to the 


CURRENT AMPERES 


Figure 2. Speed regulation curves covering a 
range from 15 to 1,800 rpm 


Maximum speed regulation at any speed is 
less than five per cent 
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Typical variable-voltage motor- 
generator set showing the units used in a 
wide-speed-range drive 


Figure 3. 


This is a four-unit set with a main generator, 

exciter, and regulating generator (on the 

right-hand side) driven by a squirrel-cage 
induction motor 


current from the exciter Ja in the fields 
RF1 and RF2 will be balanced by the 
ampere-turns in field RF3 due to the 
proper voltage across the armature of the 
generator and the regulator current Jb 
through fields RF1 and RF2 will just 
maintain the current Jb. 

It should be noted that if the regulat- 
ing generator is not self-energizing that 
it would not be possible to get a correct 
operating point, since to have any cor- 
rective current circulated there would 
have to be some difference in the cumu- 
lative ampere-turns due to Ja and the 
differential ampere-turns due to voltage. 
In such a case the voltage would ap- 
proach but never reach the correct value 
and the accuracy of regulation would be 
greatly decreased. 

An ordinary generator when set up 
with a self-energizing field under the con- 
ditions above described would tend to 
build up to the point at which saturation 
begins to take place. In this regulating 
generator, however, this action is pre- 
vented since any charge from the correct 
operating point causes a corrective mag- 
netomotive force, since the balance be- 
tween cumulative ampere-turns and dif- 
ferential ampere-turns in the three regu- 
lator fields will be destroyed. Analysis 
shows that the difference which results 
will always cause the regulator output 
to return to the correct value. 

From the foregoing it is evident that 
the no-load speed of the motor will al- 
ways be made to agree with the value de- 
sired by the setting of the generator 
rheostat. If mechanical load is put on 
the motor, it will slow down, thus de- 
creasing its counter electromotive force 
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Figure 4. This hori- 

zontal boring, mill- 

ing, and drilling ma- 

chine has an elec- 

trical feed drive with 

a speed range of 120 
to 1 


The electrical drive 
eliminates the use of 
change gears, 
clutches, and so on, 
and greatly simplifies 
both the construc- 
tion and manipula- 
tion of the machine 


and thereby permitting a current to flow 
in the armature circuit of the two ma- 
chines. Astablepoint of operation occurs 
when the drop in speed and counter 
electromotive force is just sufficient to 
make available enough of the generated 
voltage to circulate the current required. 

To bring the speed back to the no-load 
speed necessitates the raising of the gen- 
erator voltage by the amount of the JR 
drop. This is done by the regulator by 
adding on its magnetic structure another 
field RF4, which is connected in the arma- 
ture circuit so as to produce cumulative 
ampere-turns. By proper adjustment of 
R4 this field can cause the regulator to 
correct almost perfectly for JR drop and 
armature distortion of the motor over a 
wide range of load thus giving a very 
flat speed-load curve. 

Other conditions than load tending to 
change the speed of the motor might be 
thought of, but it will be found that the 
regulator generator will make appropriate 
corrections. Thus burning or shifting of 
the brushes of the generator often tends to 
cause stalling of the motor with the con- 
ventional variable-voltage drives. Also 
varying values of residual magnetism in 
the variable-voltage generator cause. dif- 
ferent voltages for the same rheostat 
setting. Such conditions however are 
corrected by the regulator. 

In Figure 2 are shown the speed—load 
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characteristics as obtained from actual 
tests on a 7!/.-horsepower machine-tool 
feed equipment using a regulating gen~ 


erator such as just described. These 
curves show the regulation of the motor 
to double full-load current over the range 
of from 15 rpm to 1,800 rpm or a speed 
range of 120 to 1. Of this range, speeds. 
up to approximately 1,000 rpm are ob- 
tained by variable-voltage control and 
from 1,000 to 1,800 rpm by motor-field. 
control. 

It can be seen by reference to these 
curves that the change in speed due to. 
application of load is so small as to be 
negligible, and there is no tendency for 
the motor to stall even when the speed! 
has been reduced to !/g9th by voltage con- 
trol. Itis to be noted that at light loads 
at this speed the voltage required is less, 
than residual voltage of the generator. 
The regulator has, however, caused a re- 
versal of current in the fields of the gener- 
ator and thus bucked the voltage down to. 
that required to get the speed called for. 

From the results shown it is evident 
that the use of a regulator scheme such as. 
indicated gives speed range far beyond 
the supposed limits of a few years ago, 
without greatly complicating the electri- 
cal apparatus or going to laboratory-type 
equipment. The machine being driven 
can be a simpler, more flexible and more 
efficient machine tool. 
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Synopsis: ‘Maximum demand’ has be- 
come an increasingly important item in 
rates for the sale of electric service since 
_the appearance of Doctor John Hopkin- 
-son’s notable paper, ‘‘Cost of Electricity 
Supply,” in the year 1892—nearly 50 years 
ago. The writer estimates that the demand- 
measuring equipment which is now being 
used by the public utilities of the United 
States has a value of the order of $100,000,- 
000. This is an index of its present impor- 
tance. The object of the present paper is to 
describe in detail the thermal-storage 
_ method of measuring the maximum demand 
of a user of electric service. A comparison 
is made between this method, which at each 
instant of time indicates the logarithmic 
_ average load over some nominal time inter- 
val, and the commonly used “‘block-inter- 
val’’ method, which indicates the arithmetic 
_ average load over the same time interval. 
Also, the effect of using a modified design of 
thermal-demand meters is discussed. The 
writer has contributed a number of previous 
papers dealing with this same general sub- 
ject, reference to which will be found at end 
of paper. 


The Block-Interval Meter 


S is well known, the commonly used 

block-interval demand meter meas- 
ures the arithmetic average load over 
some definite interval of time. Its con- 
struction and operation are such that, at 
the end of the month, the maximum arith- 
metic average block of load over some 
definite time interval is indicated on the 
meter scale. The meter is then reset to 
zero so that the maximum arithmetic 
average load for the following month may 
be made available when the meter is again 
read and reset at the following month’s 
end. As is well known, the commonly 
used ‘‘block-interval’”” demand meter 
measures this maximum arithmetic aver- 
age load over some definite interval of 
time, such as 5 minutes, 10 minutes, 15 
minutes, 30 minutes, and occasionally 60 
minutes. Other time intervals have been 
proposed, even as low as one minute, but 
so far as the writer knows, no time inter- 
vals of less than 5 minutes nor more than 
60 minutes are actually being used at the 
present time. The 15-minute time inter- 
val is the one most frequently used, 
followed by 30 minutes and 60 minutes. 
Knowlton, in his ‘‘Electric Power 
Metering,” says, “A survey by the 
National Electric Light Association rate 
research committee in 1931 showed the 
15-, 30-, and 60-minute intervals to be in 
vogue in the ratio of 40:8:1 respectively.” 
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Knowlton does not mention any time in- 
tervals shorter than 15 minutes, although 
to the writer’s certain knowledge time 
intervals as short as one and two minutes 
have been used in the past. To the best 
of his knowledge the five-minute time 
interval is still being used to a limited ex- 
tent. 


Basic Weakness of 
Block-Interval Meter 


As mentioned in the preceding para- 
graph, the “‘block-interval’” demand me- 
ter measures the maximum arithmetic 
average load over some definite interval 
of time. The arithmetic average, as 
measured by the standard block-interval 
demand meter, is a discontinuous function 
of time. Any arithmetic average must 
necessarily be a discontinuous function of 
time, and, as such, be subject to a possible 
error of 50 per cent—a possibility which 
can become a certainty at the option of 
the service user. When it becomes neces- 
sary to use two or more block-interval 
demand meters on the same load, it is 
customary to synchronize the meters so 
that they reset at the same instant. 
This synchronization has no effect on the 
inherent inaccuracy of the block-interval 
demand meter, but it does prevent the 
utility and the utility’s customers from 
becoming aware of the inaccuracy. 

While we are considering possible in- 
accuracies of measurement when using 
the standard block-interval demand me- 
ter, a situation which recently came to 
the writer’s knowledge may be of interest 
—a situation the possibility of which is 
mentioned in the preceding paragraph. 
This service user, as reported to the 
writer, is taking deliberate steps to “‘split 
peaks.”’ His loading schedule is so timed 
that his demand meter resets, as closely as 
possible, midway during load applica- 
tions. If this method of taking load is 
carried out to its possible extreme, the 
maximum demand measured and billed 
can be made one-half the actual arith- 
metic maximum demand. Such a method 


of taking service is, of course, open to any 
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user of service whose maximum demand 
is measured by means of the standard 
block-interval demand meter. In the 
case of deliberate ‘‘peak splitting,” the 
utility is always on the losing end. 
Maximum demand may be accurately 
measured only by a continuous function 
of time, Further, even if it were possible 
so to modify the demand attachment of 
the standard block-interval meter and 
thereby obtain a true and accurate arith- 
metic average, the maximum arithmetic 
average thereby obtained would still be 
defective. For instance the maximum 
arithmetic average—or logarithmic aver- 
age—of a user of electric service who takes 
a perfectly steady load of 100 kw would, 
of course, be 100 kw, and his bill for serv- 
ice would be based on 100-kw demand. 
Another user whose maximum demand is 
measured by means of a standard 30- 
minute block-interval meter and who 
takes during each half hour 100,000 kw 
for 1.8 seconds, or 10,000 kw for 18 sec- 
onds, or 1,000 kw for 180 seconds (3 
minutes), or 500 kw for 6 minutes, or 
300 kw for 10 minutes, or 200 kw for 15 
minutes, would have exactly the same 
arithmetic average as the first user— 
provided there were no “‘peak splittings.” 
This latter group of cases certainly war- 
rants a higher maximum-demand assess- 
ment than the first user. Also, the earlier 
mentioned members of this group war- 
rant a higher maximum-demand assess- 
ment than the later mentioned members. 


The Thermal-Meter Principle 


On the other hand, the thermal watt- 
meter measures the logarithmic average 
of the load under measurement. (For a 
definition of the term “‘logarithmic aver- 
age,’ see reference 1 at end of paper.) 
There is a basic difference between the 
logarithmic and arithmetic averages. 
The logarithmic average is a continuous 
function of time. That is, at each instant 
of time, it indicates the logarithmic aver- 
age over the immediately preceding 15- 
minute, 30-minute, 60-minute, or other 
time interval. The length of this time 
interval is dictated by the value assigned 
to an adjustable constant k, the character 
of which is discussed later in this paper. 
The load taken by a user of electric service 
is continuous—but not necessarily steady 
—and its maximum demand can be con- 
sistently measured only by a continuous 
function of time. Even if it were pos- 
sible to measure the maximum arithmetic 
average accurately—which is not the case 
with any of the existing types of block- 
interval meters—the thermal type would 
still be preferable, since the heating effect 
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of any given load on the equipment serv- 
ing the load is a logarithmic or exponen- 
tial function of time and not an arith- 
metic function. 

While the thermal wattmeter has been 
fully described in previous papers (see 
references 1 and 2), it might be well to 
give a brief description of its operation. 
A small transformer whose primary is 
connected across the supply voltage 
causes a current to circulate continuously 
through two equal resistances, which we 
will call r. Let us call this circulating 
current £, since its value is always pro- 
portional to voltage. The load current is 
caused to pass through these same resist- 
ances. Let us call this load current J. 
The load current is caused to pass 
through the resistances in such a manner 
that one-half its value adds to the circu- 
lating current in one resistance and sub- 
tracts from it in the other. The total 
current in one resistance is, therefore, E+ 
I/2 and in the other E—J/2. The total 
heat applied to one resistance is, therefore 


I\? I\? 
{ 2+3) rand to the other( z-2) r. The 


thermal wattmeter is so constructed that 
it constantly indicates the difference in 
temperature between two masses of mat- 
ter which are being heated by these two 
currents. The difference in heat applied 
is obviously 2E/r, a function which is al- 
ways directly proportional to the watts 
entering the load. Since the masses of 
matter do not and cannot respond in- 
stantly to the heat applied, the result is a 
demand meter measuring the logarithmic 
average load. 

Mathematical expressions for the indi- 
cations of the two types may readily be 
obtained. For the arithmetic average 
(block-interval) meter, the mathematical 
expression for its indication is 


Paha S a Be 
Meter indication = wat (1) 
h— ty lg 
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The logarithmic average may be expressed 
mathematically as follows: 


t 
Meter indication =k yp we *dt (2) 
0 


In the above expressions 


w=instantaneous value of watts 
t=time 
k=an adjustable constant 
€=base of Napierian logarithms 
t; —fp =time over which arithmetic average is 
‘measured 


Figure 1 gives the solution of these two 
equations when the time interval for de- 
mand measurement is 60 minutes—the 
maximum time interval now being used. 
The relative indications of the two types 
for load durations up to 60 minutes may 
readily be seen from Figure 1. 

As actually constructed, however, the 
relative indications of the thermal-de- 
mand meter may be made to depart radi- 
cally from the purely theoretical ratios 
shown in Figure 1, or may be made to 
conform closely to it, depending on de- 
sign. This comes about because the dif- 
fusion of the heat that necessarily enters 
or leaves the working parts of the thermal 
wattmeter during normal operation does 
not and cannot take place instantane- 
ously. As is well known, heat does not 
and cannot diffuse instantly throughout 
any mass of matter that is being heated 
or cooled. The process of heat diffusion 
takes time. The values given in Figure 
1 take no cognizance of this. Also, this 
factor depends to a marked extent on the 
design of the thermal wattmeter. This 
matter is treated further later in this paper. 

Referring to mathematical expression 
2, it might be pointed out that when the 
value of kt reaches 6.9078, €- becomes 
one-tenth of one per cent of what it is 
when kt=0. One-tenth of one per cent is 
as small a quantity as can be read accu- 
rately on the demand-meter scale. There- 
fore, while the integration of the thermal 
wattmeter extends from zero to infinity, 
the only significant part of this integra- 
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tion is that which takes place during the 
interval of one or two hours—or at most 
three hours—immediately preceding the 
instant of observation. This holds true 
when kt= 2.3026, the value assigned to kt 
in the edition, 1941 Code for Electricity 
Meters, the code sponsored by the Ameri- 
can Standards Association. This also 
assumes that the time interval for de- 
mand measurement shall not exceed one 
hour. If the time interval for demand 
measurement is 15 minutes, the time in- 
terval most frequently used in the United 
States, the only time interval of any sig- 
nificance is the 45 minutes immediately 
preceding the instant of observation. 


Demand Measurement— 
a Problem in Transients 


The measurement of maximum demand 
is a problem in transients unless the load 
during maximum is perfectly steady. If 
the loads taken by users of electric service 
were always steady, the standard block- 
interval demand meter would measure 
maximum demand with perfect accuracy. 
The arithmetic and logarithmic averages 
of a steady load are exactly the same. 
An unvarying load requires no demand 
meter. Under the conditions of the actual 
use of service, the only existing method of 
assuring accuracy of measurement is by 
the use of a continuous function of time. 
(The thermal wattmeter is an example.) 
Our usual conception of a transient is the 
phenomena that occur in a stroke of 
lightning or a power interruption. Any- 
one who dealt with the problem of tran- 
sients is, uf course, aware that time must 
appear as an exponential function, as it 
does in the thermal wattmeter. When ~ 
dealing with thermal wattmeters, the 
time involved, instead of being of the 
order of microseconds, as in the usual 
type of transient, is now of the order of 
minutes, or even of hours. 
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Comparison of Block-Interval and 
Thermal-Demand Meters 


Let us assume a case where a service 
user is taking a continuous steady load of 
such a value that it causes the demand 

meter to reach a value which we will call 
100 per cent. Let us assume further that 
this load is being measured by a standard 
60-minute block-interval demand meter 
-and also by a 60-minute thermal-demand 
wattmeter. Let us assume further that 
the thermal wattmeter is the 60-minute 
wattmeter G which is described later in 
this paper. If this user’s load is perfectly 
steady, both wattmeters will indicate 100 
per cent demand. If however, business 
falls off to such an extent that it is neces- 
sary to use service only during alternate 
hours, Figure 6 shows the relative indica- 
tions of the two demand meters. The 
data shown in Figure 6 are the results of a 
carefully made test. Inspection of Figure 
6 shows that the indications of the ther- 
mal and block-interval types cross at ap- 


proximately 52 minutes when there is no’ 


peak splitting. Therefore, if the time of 
load duration is less than approximately 
86.5 per cent of the nominal time inter- 
val, the logarithmic average is always in 
excess of the arithmetic, whether peak 
splitting occurs or not. In this case, also, 
the utility using the block-interval meter 
is always on the losing end. 


Ithaca Tests 


In order to get some definite informa- 
tion on the question of how much differ- 
ence might be expected in the indications 
of the two types of demand meters on ac- 
tual loads, there has been conducted in 
the city of Ithaca, beginning in March 
1939, and continuing for about 18 months, 
a series of tests which may be of interest. 
Ithaca, at that time, was using a 15- 
minute demand interval, since then in- 
creased to 30 minutes. For each of 
four customers, three demand meters 
were installed. These four customers 
were two garages, a beauty parlor, 
and a photographic studio. Number 
1 meter was a 15-minute block-inter- 
val meter of standard make. Number 2 
meter was anidentical block-interval meter 
so adjusted that its time interval “broke 
joints” with number 1. That is, number 
2 meter reset 7!/, minutes after number 1. 
Number 3 meter was a 15-minute thermal- 
demand wattmeter. For a time, there 
were two thermal wattmeters on some 
of the loads. This was done to show by 
direct experiment what theoretical con- 
siderations tell us; that is, that the loga- 
rithmic average, being a continuous func- 
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ute, and 60-minute thermal 


Figure 3. Diagrammatic cross 
section of 15-minute, 30-min- 


wattmeters 


1—Thermos bottle 
2—Heater resistances 
3—Reservoir 

4—Insulating tubes 
5—Heater resistance leads 
6—Felt packing 
7—Capillary tube 
8—Mass 


tion of time, must always be the same on 
any given load. Inno case was any mate- 
rial difference found between the two 
thermal wattmeters. 

Now, comparing the two block-interval 
meters, if we exclude one monthly read- 
ing, which for some unknown reason— 
presumably failure to reset—showed a 
higher difference than theory can ac- 
count for (240 per cent), the maximum 
difference between the two was 27.3 per 
cent. From this, the difference ranged 
down to 0 percent. In only six cases out 
of about 60 monthly readings did the two 
block-interval meters give the same indi- 
cations. The average difference for the 
entire 60 monthly readings was 10.1 per 
cent. In some cases number | meter indi- 
cated the higher value, and in other cases 
number 2. This difference in indication 
is, of course, due to ‘“‘peak splitting” 
either by number 1 or number 2 meter, or 
perhaps by both. 

Now comparing the thermal-wattme- 
ter readings with the two block-intervals, 
in only one case out of about 60 monthly 
readings did all three demand meters in- 
dicate the same values. In some cases, 
the thermal meter indicated higher than 
either block interval, in some cases, lower 
than either, and in still other cases, be- 
tween the two block intervals. (For 
other comparisons between the two types 
see references 2, 4, and 6.) 

When a public utility deals with its 
customers’ pocketbooks, the degree of in- 
consistency shown by these Ithaca tests 
is, in the writer’s opinion, intolerable. 
Accuracy in the measurement of kilo- 
watt hours is and always has been ex- 
traordinarily high. Unfortunately, the 
same cannot be said of the measurement 
of maximum demand as evidenced by 
the Ithaca tests. 


Advantage of Bourdon Tube 
Over Bimetal Strip 


In the thermal wattmeter of the past, 
the means by which temperature differ- 
ence has been indicated has been the bi- 
metal strip. In the year 1924, Chester W. 
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60 MINUTE METER 


30 MINUTE METER 


Rice of Schenectady contributed a paper 
to the AIEE entitled, ‘‘Free Convection 
of Heat in Gases and Liquids—II”’ (see 
reference 9). In this paper he showed 
that when the loss of heat from a hot 
body occurs by free convection, the rate 
of heat loss is not directly proportional to 
temperature elevation, but to the tem- 
perature elevation raised to 1.25 power. 
The writer did not become aware of this 
important contribution to our technical 
literature until about 1927. For many 
years previously, the writer had noted an 
error in the thermal wattmeter on low- 
power factors, for which he could give no 
satisfactory explanation. As soon as Mr. 
Rice’s 1924 paper came to his attention, 
the reason for this error became obvious 
at once. In the bimetal-strip type of 
thermal wattmeter, practically all the 
heat escapes by free convection. The bi- 
metal-strip type of construction does. 
not lend itself to any means of heat es- 
cape except free convection. The only 
answer, therefore, seems to be to adopt 
some means of heat escape other than 
free convection. To accomplish this end, 
it was necessary to consider means of tem- 
perature detection other than the bimetal 
strip. 

The writer therefore decided to try out 
the Bourdon tube. He had previously 
experimented with the Bourdon tube, but 
without success. Beginning about 1928, 
the writer began experimenting with 
Bourdon tubes in earnest. By about 
1934, the Bourdon tube method of meas- 
uring maximum demand had arrived. 
A complete description of the Bourdon- 
tube demand wattmeter was contributed 
to the AIEE in 1935 (see reference 5). 


The Constant k and 
Its Determination 


Mathematical expression 2 given above 
brings into the picture of demand meas- 
urement the value of the adjustable con- 
stant k. There is a direct relationship 
between this matter of time interval and 
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Figure 4. 60-minute thermal wattmeter C, zero- 
load performance 


the value of this adjustable. constant k ap- 
pearing in mathematical expression 2. 
The existing Code for Electricity Meters 
fixes the time interval for thermal-demand 
meters as the ‘‘time required for the in- 
strument to indicate 90 per cent of the 
full value of the steady load, which is 
thrown suddenly on it.’”’ This provision 
fixes the value of kt in equation 2 at kt= 
2.3026. This, in turn, fixes the value of k 
at that value which is obtained by di- 
viding 2.3026 by 5, 10, 15, 30, 60, or what- 
ever value of time interval the utility has 
adopted. Table A gives these values. 


Effect of Heat Diffusion on 
Constant k 


When we apply a given constant value 
of watts w to a thermal wattmeter in ac- 
cordance with the procedure specified in 
the Code for Electricity Meters and take 
readings at equal intervals.of time, the 
function we observe is the function w(1— 
e—). The response for the two thermal 
wattmeters C and G shown in Figure 2 
were obtained in this manner. If, when 
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Figure 5. 60-minute thermal wattmeter G, 
zero-load performance 
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the meter indication has reached some 
value w’, we throw the load entirely off 
and observe meter indications as they 
approach zero, the function we observe 
is w’e—™, This, a pure exponential func- 
tion, plots as a perfectly straight line on 
semi-log paper. However, when we plot 
these data from the thermal-demand meter, 
we find a departure from a straight line, 
the amount of this departure being con- 
trollable by design. Figure 4 shows the 
performance of 60-minute wattmeter C 
with zero load, and Figure 5 that of 60- 
minute wattmeter G. Examination of 
Figures 4 and 5 makes it obvious at once 
that the value of k is not constant, but 
can be made to vary over a very consid- 
erable range during the first few minutes 
of the application or absence of load. 

The reason for this anomaly of the vari- 
able constant is not far to seek and has 
already been intimated. Heat cannot be 
made to diffuse instantly throughout any 
mass of matter. In the thermal wattme- 
ter, the source of heat is, of course, the 
heater shown in cross-section in Figure 3. 
In order to actuate the meter, the heat 
originating in the heater must reach the 
reservoirs shown in Figure 3. From the 
data given in Figures 4 and 5, the time 
required for the rate of heat flow to be- 
come constant varies over a very con- 
siderable range. From Figure 4, it is ob- 
vious that this rate of heat flow in watt- 
meter C does not become constant for 
some 20 to 30 minutes. From Figure 5, 
it is evident that the rate of heat flow for 
wattmeter G becomes constant in consid- 
erably less than 10 minutes. About five 
or six minutes would closely fit the ex- 
perimental data seen in Figure 5. In 


Table A 
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Time 
Interval 60 30 15 10 5 


k 0.03838 0.07675 0.1535 0.23026 0.4605 
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other words, after a change in load occurs, 
k is not a constant, but a variable, and 
does not become a constant for some 5 to 
30 minutes, the length of time being sub- . 
ject to meter design. 


Time Interval—How Long? 


What is the proper time interval to use 
in the measurement of maximum de- 
mand? As indicated at the beginning of 
this paper, United States public utilities 
are using various time intervals in the 
measurement of maximum demand. It 
is obvious that the longer the time inter- 
val used in demand measurement, the less 
is the probability of a steady load during 
that time interval, and, therefore, the 
greater is the probability of a difference 
between the logarithmic and arithmetic 
averages. The 15-minute time interval 
is by far the most frequently used. The 
shorter time intervals have been brought 
about by the desire on the part of public 
utilities to obtain adequate compensation 
from those service users whose loads are 
inherently of the short-time, high-peak 
variety, such as welding, short-time heat- 
ing, shovels for excavation purposes, and 
so on. It might be pointed out that the 
thermal-demand meter automatically rec- 
ognizes the short-time, high-peak de- 
mands in this class of loads. Inspection 
of Figure 1 shows this clearly. The ther- 
mal-demand meter—even assuming in- 
stantaneous heat diffusion—gives higher 
demand indications on short-time loads, 
approximately 2.3 times that of a block 
interval of the same time rating. The 
phenomenon of heat diffusion increases 
this ratio still further. 


Examination of the data in Figure 2 
shows that if we use 60-minute watt- 
meter C, its indication on short time loads 
(load durations of a minute or two) is 
approximately equivalent to a five or six 
minute block interval. This ability of the 
60-minute thermal-demand wattmeter to 
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id high on short-time loads may be still 
ther emphasized by suitable design, 
users of demand meters so desire. 
It should be pointed out, however, that if 
the design be so altered as to make its 
short-time response equivalent to a two- 
or three-minute block interval, the rate of 
response for load durations of more than 
90 minutes is so slow that it would require 


some 12 or 15 hours of perfectly steady 


road to cause the meter to reach 99.9 per 
cent of its final indication. In the writ- 
er’s opinion, the modification of the 60- 
minute thermal wattmeter’s design to the 
point where it is equivalent to a five- or 


_ six-minute block interval is as far as the 


modification should be carried. Even 
this modification has reduced the perma- 
nent value of the constant & to one-half 
that of the 60-minute thermal wattmeter 
when heat diffusion is assumed to be in- 
stantaneous—1 — €—?:°83%*, Also, it is 
in the writer’s 
opinion, whether or not wattmeter C, 
while it meets the meter-code specifica- 
tions, can honestly be called a 60-minute 
meter. 


A 60-Minute Meter 


On the assumption that if the time in- 
terval for demand measurement is ever 
standardized, such standardized time in- 
terval would not exceed the maximum 
time interval now used—60 minutes—the 
writer has been experimenting with 60- 
minute thermal wattmeters. The most 
obvious way of obtaining a 60-minute 
thermal meter is to add mass to the 15- 
minute meter, as shown in Figure 3, so 
that the time to heat this mass up to 90 
per cent of its final temperature is in- 
creased from 15 minutes to 60 minutes. 
When a steady load was applied to this 
60-minute meter, wattmeter C of Figure 
2 shows the test results. It will be noted 
that when a steady load was applied to 
this 60-minute wattmeter C, it reached 
50 per cent of final value in approximately 
4 minutes, 60 per cent in approximately 6 
minutes, 70 per cent in approximately 10 
minutes, 80 per cent in approximately 26 
minutes, and 90 per cent in approxi- 
mately 60 minutes. The design of the 
meter was then modified so that the mass 
to heat and cool during normal operation 
was reduced to a small fraction of that 
necessary in meter C. Wattmeter G of 
Figure 2 shows the test results on this re- 
designed 60-minute meter. It will be 
noted that wattmeter G reaches 50 per 
cent of its final in approximately 17 
minutes, 60 per cent in approximately 23 
minutes, 70 per cent in approximately 30 
minutes, 80 per cent in approximately 42 
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Figure 7. 60-minute thermal wattmeter |, 
zero-load performance 


minutes, and 90 per cent in approxi- 
mately 60 minutes. 

Let us examine this matter a little fur- 
ther from a purely theoretical standpoint. 
When we integrate mathematical expres- 
sion 2 above, the result of this integration 
is, of course, meter indication=w(1— 
e—). With large values of time (t), e™ 
approaches zero and meter indication 
approaches w (watts). If ¢=infinity 
(steady load), meter indication =w. If, 
however, ¢ is of a small value making it 
necessary to use the limits of integration, 

w(1—e~™) 
per cent time’ 
foregoing sentence, the adjective ‘‘small” 
may be defined as any value of ¢ (time in 
minutes) such that the product ké does not 
exceed 6.9078. 

After a change in load occurs, watt- 
meter C acquires approximately 80 per 
cent of the value of this change during the 
20 or 30 minutes k is a variable. The re- 
maining 20 per cent requires approxi- 
mately five hours additional time. Watt- 
meter G acquires approximately 20 per 
cent of final indication in the five or six 
minutes that k is a variable while the re- 
maining 80 per cent requires approxi- 
mately an additional three hours. 

Now, examining 60-minute wattmeter 
G shown in Figure 2, it is obvious that its 
response is fairly close to the theoretical 
value given in equation 2. For very 
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short time loads, its rate of response is 
some 30 per cent or 40 per cent higher 
than if heat diffusion could be made in- 
stantaneous, but this higher rate of re- 
sponse lasts for only five or six minutes. 
In this meter, the value of the adjustable 
constant k is close to the theoretical value 
of k for a 60-minute meter, Tests on a 
number of these redesigned 60-minute 
thermal wattmeters have shown a depar- 
ture in the permanent value of k of not 
over two per cent or three per cent from 
the theoretical value—0.03838. | Also, 
its temporary value is much'less than in 
wattmeter C. On short-time loads, load 
durations of a minute or two, wattmeter 
G is equivalent to approximately a 20- 
minute block interval. The design of the 
60-minute thermal wattmeter is capable 
of adjustment to almost anything the 
public utilities may desire between watt- 
meters C and G shown in Figure 2. The 
writer would appreciate an expression of 
opinion by those using demand meters as 
to which design shown in Figure 2 they 
would prefer. Or, perhaps some inter- 
mediate design between C and G 
would be preferable. It must be borne 
in mind, however, that wattmeter C 
can be made available for any time in- 
terval from 15 minutes up, while watt- 
meter G is available in 60-minute time 
interval only. 


Statement Re Accuracy 


The writer wishes to correct an impres- 
sion which might be drawn from the pre- 
ceding discussion. The accuracy of the 
standard block-interval demand meter in 
measuring an arithmetic average is as 
high as human ingenuity can attain, pro- 
vided we limit this statement to the par- 
ticular time interval which the meter 
happens to select. However, we must 
bear in mind that the particular time in- 
terval selected is only one out of an in- 
finite number that might be selected. 
The writer does not wish his statement 
concerning the accuracy of the block-in- 
terval demand meter to be interpreted 
in any other manner. 


New Data on 60-Minute 
Thermal Meters 


Also, further experimental work has 
demonstrated that the time interval 
during which the constant k is a variable 
can be somewhat reduced below that 
shown in Figure 5. By taking all possible 
precautions to make the diffusion of heat 
as rapid as possible, Figure 7 shows the 
resulting zero load performance. The 
test results shown in Figure 7 indicate 
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that the constant is a variable for a time 
interval but little over three minutes, 
even when the load applied is six times 
full load for 3.56 minutes. Figure 8 
shows this meter’s performance with full 
load applied for three hours. The con- 
stant k of 60-minute wattmeter I becomes 
0.03838 when the two curves shown in 
Figure 8 become parallel; Figure 8 shows 
this to occur at approximately three 
minutes. Also, Figure 7 shows that the 
permanent value of the constant k departs 
from the theoretical value by only a 
negligible amount. 


Ammeters Versus Wattmeters 


There is one further point that should 
be considered. Thermal meters are avail- 
able in both wattmeters and ammeters. 
These two instruments differ in at least 
one important respect. The wattmeter 
scale is uniform throughout its entire 
range, while the ammeter scale is inher- 
ently a scale of squares. Under the exist- 
ing definition of time intervals, the time 
interval of both these instruments is de- 
fined as the “‘time required for the instru- 
ment to indicate 90 per cent of the full 
value of a steady load which is suddenly 
thrown on it.” Since the ammeter scale 
is inherently a scale of squares, this 
means that the time interval of the ther- 
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mal ammeter is approximately one-half 


that of the thermal wattmeter as time | 


intervals are now defined. There are two 
ways to cure this defect: 


1. The value of k for the ammeter may be 
fixed at one half that of the wattmeter. 


2. The percentage of final indication for the 
ammeter may be fixed at the square root of 
that for the wattmeter. 


If we adopt the first of the above, it 
means that ammeters and wattmeters 
will differ in construction, thereby in- 
creasing their cost. If we adopt the 
second, we must either make the watt- 
meter time interval the time ‘to arrive 
at 90 per cent of final, as at present, and 
the ammeter time interval the time to ar- 
rive at 95 per cent of final, or we must 
make the ammeter time interval the time 
to arrive at 90 per cent of final, as at 
present, and the wattmeter time interval 
the time to arrive at 81 per cent of final. 
It is suggested that those who are respon- 
sible for the Code for Electricity Meters 
give careful attention to this matter and 
choose one of the above alternatives. 


Conclusion 


Summarizing, we must obtain the 
logarithmic average and not the arith- 
metic average if we would have consist- 
ency as well as adequacy in the measure- 
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ment of maximum demand. Time must 
appear as an exponential function and 
not an arithmetic function, if the demand 
is to be metered in accord with the basic 
character of the quantity being measured. 
The writer would also urge that consid- 
eration be given to the matter of stand- 
ardizing the time interval used in demand 
measurement. 
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New Voltage-Regulating Relay Plus 


Line-Drop Compensator 


H. J. CARLIN 


ASSOCIATE AIEE 


HERE are numerous applications 

where it is desired to measure a volt- 
age at one point of a line or feeder by the 
use of an instrument placed at some other 
point. Theinstrument measures the volt- 
age at the point of the line to which it is 
connected, and also measures the line drop 
to the remote point. These two measure- 
ments are combined so that the resultant 
indication is the voltage at the remote 
point of the feeder. If the instrument has 
contacts on it so that it may actuate con- 
trol circuits, it is known as a voltage- 
regulating relay plus line-drop compensa- 
tor. Such a device finds application to 
regulating equipment such as tap-chang- 
ing transformers, capacitor-switching 
schemes for power-factor control, and 
the like. 

Many of the applications for a voltage- 
regulating relay require a time delay. Us- 
ually such delay has been obtained by 
the use of timers which interpose a fixed 
lag between the operation of the relay and 
the device which is being controlled (for 
example a tap-changing regulator) inde- 
pendent of the magnitude or rate of volt- 
age change. The relay described below 
eliminates the use of an external timer, 
since it has its own inherent time delay. 
In addition, this time delay is not a fixed 
quantity but varies inversely as the 
change in voltage. In this way the sensi- 
tivity of the regulating device is increased 
without introducing a large number of un- 
necessary operations. 


The Voltage-Regulating Relay 


An induction-type voltage relay with a 
permanent damping magnet inherently 
has an inverse time characteristic; hence, 
such a relay became the basis for design. 
Time curves for different voltage settings 
on an induction voltage relay with front 
and back contacts are shown in Figure 1. 

The two major problems to be solved 
in the completed design were: 


1. To make the temperature error neg- 
ligible, for applications often call for outdoor 
installations where ambient temperature 
may vary over an extreme range of 0 to 110 
degrees Fahrenheit. 


2. To provide the relay with a self-con- 
tained line-drop compensator. 
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Starting with the final result, we may 
show how these two problems were solved. 


TEMPERATURE ERROR 


Figure 2 is a wiring diagram of the relay. 
Neglecting the compensator winding, the 
principle of operation of the relay is quite 
familiar.!| When the potential winding is 
energized, the transformer winding on the 
lower pole feeds current to the upper-pole 
windings. This current induces an upper- 
pole flux which is out of phase with the 
potential flux, and a torque on the disk re- 
sults which satisfies the equation: 


T = K4,4, sin a (1) 


where , is the lower-pole flux, ®, the 
upper-pole flux, and a the phase angle 
between them. 

There are two sources of temperature 
error in such a relay: 


1. For constant voltage across the relay, 
change in ambient temperature produces a 
change in the resistance of the upper-pole 
circuit. Hence, both the magnitude of 
upper-pole flux @, and the phase angle ‘‘a”’ 
will change. According to equation 1, the 
torque will, therefore, vary. 


2. Change in ambient temperature may 
also produce variations in relay impedance 
so that the current in the potential circuit 
varies with the temperature even though the 
voltage remains constant. 


In appendix I is a derivation which 
shows that when upper-pole reactance 
equals upper-pole resistance, temperature 
error due to variation of upper-pole im- 
pedance is a minimum. Accordingly, the 
upper-pole winding was designed to have 
a 45 degree impedance angle. 

To correct for the second source of tem- 
perature error, a swamping reactor is 
placed in series with the potential coil. 
Hence, variations in relay burden have 
little effect on the total impedance of the 
voltage circuit, so that the current in the 
relay remains constant independent of 
temperature. Experimental tests made in 
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arefrigerator and an oven over a range of 
temperatures from 0 to 110 degrees Fahren- 
heit showed an average temperature error 
of less than 0.018-volt per degree Fahren- 
heit. This ballast impedance method of 
correction was chosen so that the reactor 
could serve a dual purpose. Besides cor- 
recting for temperature error, it is an es- 
sential part of the line-drop compensator 
circuit. This function is described below. 


Tup Linn-Drop COMPENSATOR 


The line-drop compensators in general 
use today employ what amounts to an 
artificial or replica line. Thatis, the com- 
pensator is a variable resistance and react- 
ance which may be independently ad- 
justed to suit a particular line impedance. 
These elements are placed in series with 
the voltage-regulating relay, and a current 
is fed to this compensator from current 
transformers in the main line, so that the 
drop across the resistor and reactor is pro- 
portional to the line drop and is subtracted 
from a voltage proportional to the send- 
ing-end potential. Thus, the voltage 
across the relay actually simulates the 
voltage at the load center, if the resistance 
and reactance of the compensator have 
been correctly adjusted. 

The relay described in this paper has no 
such artificialline. Instead the equivalent 
of two separate torques is superimposed on 
the induction disk. One of these is pro- 
portional to the sending-end voltage, the 
other is proportional to the line drop, and 
the relay combines these so that the re- 
sultant torque is proportional to the re- 
ceiving-end voltage. The former torque 
component is obtained by impressing on 
the relay-potential coil a voltage propor- 
tional to that at the sending end or regula- 
tor location. The torque component due 
to the line drop is obtained by means of a 
second upper-pole winding (see Figure 2). 
Current flowing in this winding from a 
current transformer in the line induces a 
flux, which reacts with the main-pole flux 
to produce a torque on the disk which op- 
poses the main-relay torque. 

If the relay is to perform correctly, the 
compensation torque must satisfy certain 
conditions which are a function of the 
electrical properties of the line, the mag- 
nitude of the load, and the power factor 
of the load. Consider a simple line, such 
as shown in Figure 3a. The vector dia- 
gram, Figure 3b, is drawn for a constant 
magnitude of load, I;, and a varying load- 
power factor, 0. ¢ is the impedance angle 
of the line. This diagram shows clearly 
that the sending-end voltage, Hg, necessary 
to maintain constant receiving-end vol- 
tage, Ep, with varying power factor, has a 
maximum magnitude when 4, the angular 
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SECONDS FOR MOVING CONTACT 
TO CLOSE TO RIGHT OR LEFT 


shift between Eg and Ep is zero. This 
occurs when 0= ¢. In order words, for 
any given load the relay must produce a 
maximum of compensation when the 
power factor of the load is equal to the 
impedance angle of the line. 

What does this mean as far as the 
design of the relay is concerned? Re- 
ferring to the general torque equation 
1, it is seen that the compensator torque 
will be a maximum for any given load, 
when the angle between the compensator- 
winding flux and the potential-coil flux is 
90 degrees. Therefore, a necessary condi- 
tion for correct compensation is that when 
the load-power-factor angle equals the 
line-impedance angle, the compensator 
flux must be 90 degrees from the main- 
pole flux. 

To see how this condition is translated 
into the actual structure of the relay, refer 
to the vector diagram, Figure 4. 

Here £; is the voltage impressed across 
the relay terminals, and Fy, lags this 
somewhat due to the leakage drop in the 
potential coil. ,, the main-pole flux lags 
E,¢ by 90 degrees, and for maximum com- 
pensation torque ®, lags ; by 90 degrees. 
The compensator excitation which is pro- 
portional to the current in the compensa- 
tor current transformer, leads @¢ by a 
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Figure 2. Schematic wiring diagram of voltage- 
regulating relay 
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Figure 1. 
regulating-relay time 
curves 


(a), Right-hand con- 

tact set at 121 volts; 

left-hand contact set 
at 119 volts 


(b). Right-hand con- 

tact set at 122 volts; 

left-hand contact set 
at 118 volts 


(c). Right-hand con- 

tact set at 123 volts; 

left-hand contact set 
at 117 volts 
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small angle due to the eddy currents in the 
disk and the hysteresis loss in the upper- 
pole iron. Thus, the relay primary volt- 
age, £,, and the compensator current, 7,, 
will be very close to 180 degrees out of 
phase for maximum compensator torque. 
Actual measurements showed the angle to 
be 180 degrees 3 degrees. 

As shown above, if the relay is to com- 
pensate correctly, maximum compensa- 
tion torque must occur when Eg is in 
phase with Ez, and the load-power-factor 
angle is equal to the impedance angle of 
the line. Hence, in Figure 4, Ks is drawn 
at an angle 6=¢@ ahead of J;, or 180—@ 
behind 7,. Then, £; must lag Eg by the 
impedance angle of the line. This means 
that a phase shifting network must be 
placed between Hg, the sending voltage, 
and), the relay primary voltage. Ifthe 
effective shift of this network is equal to 
¢, the relay will compensate correctly. 

In appendix II is an analytical deriva- 
tion which corroborates the conclusions 
reached above. The voltage equation for 
a simple line is set up and compared with 
the torque equation of the relay, and it is 
shown mathematically that the necessary 
and sufficient conditions for correct com- 
pensation are that the compensator-wind- 
ing excitation be proportional to the mag- 
nitude of line drop and that the relay pri- 
mary voltage lag behind the sending volt- 
age by an angle equal to the impedance 
angle of the line. 

This will be clearer if we consider for a 
moment the line-drop compensators al- 
most universally used at present. These 
devices must also satisfy two conditions if 
correct compensation is to result. The 
compensator-reactance drop must be pro- 
portional to the line-reactance drop: and 
the compensator-resistance drop must be 
proportional to the line-resistance drop. 
To get this proportionality for different 
lines, the compensator has an adjustable 
resistor and an adjustable reactor. Inthe 
new relay we fit the two line constants by 
having one adjustment for the impedance 
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Voltage- 


of the line in ohms, and another for the 
phase angle of the line impedance. In 
other words, we compensate for Z/9, in- 
stead of R+jX. In both cases there 
must be two variables of adjustment to 
match two line constants. 

The phase-angle adjustment in this new 
relay is provided by a phase-shifting net- 
work. Theoretically, this should be ad- 
justable to vary the phase position of the 
output voltage, while keeping the magni- 
tude of output voltage constant. But to 
obtain such results requires relatively 
complex networks. However, as will be 
shown later, a great simplification in de- 
sign is possible. 

Figure 2 shows the circuit for obtaining 
magnitude adjustment. This consists of 
a potentiometer which is connected to the 
line current transformer and the compen- 
sator winding so that as the slide is moved, 
the magnitude of current in the compen- 
sator varies while the phase angle of the 
current stays constant. Thisis easily seen 
to be true, for if J, is the current in the 
transformer secondary, then the compen- 
sator current is given by 


if eae ye 
"Rot RetjXe 


in which the various quantities are as in- 
dicated on Figure 2. The denominator of 
equation 2 is a constant, hence only the 
magnitude of 7, varies with Ro. 

The rheostat may be calibrated in line 
ohms, or volts line drop. The latter 
method is actually used on the relay. 


(2) 


Uc= 


Settings 


It is usually desirable that voltage- 
regulating relays be as inexpensive and 
simple in operation as possible, consistent 
with a minimum sacrifice in operating 
features. For this reason it is desirable 
to simplify the relay described in the pre- 


2le ae 
——— 
Es IL Er 
(a) 
Figure 3a. Schematic single-phase feeder 


Figure 3b. Vector diagram of feeder 


6@u—Power factor for maximum line-drop 
compensation 


Iy—Load current for maximum line-drop 
compensation 
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paragraphs, even though this 
in ot. ers . a * 
ht mean some limitations in operating 
performance. hee 
The part of the relay most susceptible 
to simplification is the phase-shifting net- 
work of the line-drop compensator. As 
shown above, this network should provide 
adjustable voltage phase-angle shift with- 
out affecting the magnitude of voltage. 
ircuits to operate in this manner can be 
constructed with inductors, resistors, and 
capacitors. The finer the adjustments, 
the larger the number of elements required 
and the more difficult the calibration. 
‘Such networks were experimentally con- 
structed and they operated satisfactorily. 
The simplified network consisted of the 
single reactor used also as ballast imped- 
‘ance for temperature correction. Ob- 
viously, once the reactor is chosen, the 
-phase-angle adjustment is fixed, and the 
relay is theoretically adapted for only one 
line. Nevertheless, it is possible to take 
a relay so constructed and apply it to a 
wide range of lines without excessive error 
in voltage regulation. Suppose the reac- 
tor has been designed so that when placed 
in series with the potential coil of the re- 
lay the angle between the impressed volt- 
age and the voltage across the relay is 40 
degrees. This means that when used on a 
40-degree line, the relay operates cor- 
rectly for any load and any power factor, 
if the compensator-voltage scale is set for 
the true magnitude of full-load line drop. 
Now, suppose we place this 40-degree re- 
lay on a line whose impedance angle is 70 
degrees. The relay would no longer give 
correct voltage indications if the com- 
pensator-voltage scale is set for the true 
magnitude of full-load line drop. How- 
ever, for any given power factor, a setting 
of the voltage scale can be found which 
makes the relay operate correctly for any 
load at that power factor. This setting in 
volts will obviously not be equal to the 
true line drop. We define this compen- 
sator setting, in volts, divided by the true 
line drop, in volts, as the ‘““compensator- 
correction factor.”” In effect, an inten- 
tional error in the compensator-voltage 
setting is introduced to correct for the er- 
ror in the relay-phase-angle setting. 


Figure 4. Wector diagram of voltage-regulat- 
ing relay drawn for maximum compensation 
torque 
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Figure 5 is a family of curves to show 
how this factor varies as a function of load 
power factor when a 40-degree relay is 
used on various lines, Forty degrees was 
chosen because it is the impedance angle 
of the average low-capacity line. 

The derivation of the correction factor 
curves is shown in appendix III. In order 
to verify these curves experimentally, ap- 
paratus was set up to simulate a line 
whose impedance angle could be varied, 
and a load whose power factor could be 
varied. Agreement between experimental 
and theoretical curves was very close. 

A glance at the correction factor curves 
shows what errors may be expected in 
operating the relay on lines other than 40 
degrees. Suppose we have a 60-degree line 
where the power factor varies from 80 to 
90 per cent. The correction factor for 80 
per cent is 0.91, for 90 per cent it is 0.85. 
The average setting would then be 0.88 
and the variation plus or minus 0.03. 
Thus, if the line drop were 10 volts, the 
relay-compensator scale would be set at 
0.88X10=8.8 volts and the maximum 
error plus or minus 0.3 volts. Obviously, 
the narrower the range of power factor, 
the smaller would be the relay-voltage er- 
rors. Also, the closer the line-impedance 
angle is to 40 degrees, the smaller is the 
error. As is the case with the compensa- 
tors in use at present, calculated settings 
are only tentative, and final settings are 
usually chosen on the basis of field tests. 


Conclusions 


Due to the inverse time characteristic 
and integrating properties of the relay de- 
scribed above, circuits controlled by it are 
operated after a relatively short time de- 
lay when voltage conditions on the line re- 
quire this. However, unnecessary opera- 
tions are prevented when short-interval 
voltage surges occur. At the same time 
the relay is simplified to have only one 
adjustment for line-drop compensation 
without introducing excessive errors in in- 
dicated voltage. 
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Appendix I. Symbols 


Eg=sending-end voltage 
Ep=receiving-end voltage 
E,=voltage impressed on relay-potential 
coil 
é2= voltage across N2 
T,=compensator-torque component 
Ts=sending-voltage-torque component 
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,=flux due to potential-coil excitation 
®.=induced upper-pole flux 
®,=flux due to compensator-winding ex- 
citation 
1, = potential-coil current 
42=induced upper-pole current 
i,= compensator winding current 
J,=current-transformer secondary current 
I,=line current 
N= potential-coil turns 
Ny=turns of transformer winding on lower 
pole 
N,= turns on each upper pole 
N,=turns per pole of compensator winding 
Z,= R,+jX.=upper-pole impedance 
Zp=ballast impedance 
Z,=R,+jX,=compensator impedance 
R,=portion of compensator resistance 
across line current transformer 
Ro=total resistance of compensator 
a=angle between 2, and 
b=upper-pole impedance angle 
6=1load-power-factor angle 
¢=impedance angle of line 
6=angular shift between Ls and Ep 
F=correction factor 
B=angle between ¢; and ¢, 


Appendix II. Derivation for 
Minimum Temperature Error 


By cqnation 1 
Ts=K%, sin a 
Referring to Figure 6 
sin a= sin (90—b)= cos b 
Therefore 


T5=K®,®, cos b 
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Figure 5. Correction-factor curves for 40- 
degree voltage-regulating relay. See ap- 
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where c and k are constants. 
Or 


_kK&R, ARs 
8 R2+X2? Re +X? 


Differentiate this expression with respect 
to R, to find the value of R: which results in 
no change in Ts for small changes in Ro. 
dTs ie A 2A RoR 
dR, = -Re&+X2? (Ro? +-X27)? 


where A is a constant. 
Solving 


R,=X2 


This is the condition for minimum tem- 
perature error. 


Appendix Ill 


Derivation to prove that the relay per- 
forms correctly if: 


(a) The compensator-winding excitation is pro- 
portional to the magnitude of line drop. 


(b). Maximum compensator torque occurs when 
the line-impedance angle ¢, equals the power-factor 
angle 0. That is, 6, the angle between ®, and % 
shall be 90 degrees when 0=¢. 


1. The Voltage Equation for the Line 


Refer to Figure 3b and take Ez as refer- 
ence vector. 


E,p=Es—I,Z 
= Es/0—1,/8—8-Z/¢ 
=E;/0—-1,Z/9—5—¢ 
Let 
C0 — d= 7 
Then 
Ep=Esg—I11Z cos y+ jI,Z sin y 


or 


|Ep|=V Es’—21,ZEg cos y+(IrZ)? (3) 


2. The Torque Equation of the Relay 


The two components of relay torque are 


Ts and T,. The resultant relay torque is 
Tie 


a Ts- ie 
N,? N,? 
Ts a, sin a a — -1;?- sin aa —-sina-E 
Nz Nz 3 
Since 
ty a Es 
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Figure 6. Simplified vector 
diagram of an induction relay. 
/ See appendix II 


therefore 

Ts=kEs? (4) 
Since (V,2/Ne2) sin a is a constant 

T, a &,&; sin B 

T,=CI,Eg cos (8—90) 


where C is a constant 
Since I,a®, and ®,a Es, 
therefore 


T=kEs?—CI,Eg cos (8—90) (5) 


The relay is initially calibrated with the 
compensator scale set for zero volts com- 
pensation, so that if Ep’ is the scale reading 
of the relay, equation 4 applies and we 
have 


|Er’| = WV T/k 
Substituting for T from equation 5 


|En' |= Es?—KIEs cos (8-90) —(6) 


Equations 6 and 3 are identical (if we 
neglect the term (IZ)? which is of the second 
order) when 


(a). KI,=2I,Z 
(6). (8—90)=y=0—-6—¢ 


That is, when 6=¢, andé6=0; B=90°. 
This is what we have set out to prove for 
(a) states that KJ, is proportional to the 
line drop, and (b) states that the angle be- 
tween ®, and ©; is 90 degrees when 6=¢. 


Appendix IV. Derivation of 
Correction-Factor Curves 


1. Assume the relay is adjusted to com- 
pensate for a line of impedance angle ¢’ 
and a voltage drop (1;Z)’. The true line 
drop (I,Z), and the true line angle is ¢. 
Then, for a load power factor 6, the relay 
develops a torque in accordance with the 
voltage equation 


Es/6=Ep/0+ (I,Z)'/4'—8 (7) 


Ep is taken as reference vector, and is the 
required receiving-end voltage. 
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2. The true line angle is ¢, and the true 
line drop IZ. Then, since Es is the head- 
end voltage of the line determined by the 
relay, the voltage equation of the line is 
given by 
Es/5 = Enl&+I,Z/o—-6 (8) 


Where Ep, is the actual voltage at the 
end of the line. ) 

In the equations below (I1Z)' is deter- 
mined as a function of the line and relay 
constants so that Ez,=Er=the required 
receiving end or load center voltage. 

Equate (7) and (8) 

Epl0+ (I,Z)'/$' -9 = Ep/a+ (I,Z)/9—8 

Solve for (IzZ) 

(1,Z)'/¢' —9 = Ep/a—Ep/0+ (I,Z)/$-8 


(I,Z)' sin (¢’—0)=Ep sin a+ 
(I,Z) sin (¢—8) 


(I,Z)’ cos (¢’—6)=Epr cos a—Er+ 
(I1Z) cos (p—9) 
Divide these equations to eliminate 
(I,Z)', simplify and solve for (I,Z) 
sin a— [tan (¢’—6)-(cos a— 1)] 
cos (p—6) tan (¢’— 4) —sin (¢—6) 
Solve for (I,Z)’ 
(I,Z)/$—9 = Ep/0+ (I,Z)'/'—8-Ep/a 
(I1Z) sin (¢—6) = (IzZ)’ sin (¢’—8) — 
ER sin a 


(I,Z) cos (¢—8) = (IzZ)’ cos (¢’—8) — 
Er cos atEpr 


(I,Z)=Er 


Divide these equations to eliminate 
(I,Z), simplify, and solve for (I7Z)’ 


Ep-tan (¢—86):-(cos a —1)—sin & 
cos (¢’—6) tan (¢—4) —sin (¢’ —8@) 


—_ re)" 
TEAe 
[cos (¢—6) tan (¢’—6)— sin (¢—9)]- 
[sin a— tan (¢—6)(cos a —1)] 
[cos (¢’—6) tan (¢—@) — sin (¢’ —6) J: 
[ sin a— tan (¢’—8)( cos a—1)] 


(I1Z)'= 


For line drops of the order of 10 per cent 
6 is very small and hence a must be even 
smaller. 

Therefore 
sin a=a 
cos a=1 


or 


r= cos (p¢—86) tan (¢’—6)— sin (¢—4) 
cos (¢’—@) tan (¢—6) — sin (¢’—6) 


The curves on Figure 5 are graphs of F 
versus 6 for various line-impedance angles, 
¢. '=40 degrees. 
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7 aes voltage regulator described in 


this paper is intended for those ap- 
plications where the operating efficiency 
is of secondary importance to other re- 
quirements. Excluding the considera- 
tion of efficiency, the output voltage of an 
ideal voltage regulator should be of 
sinusoidal wave form and should remain 
constant with any variation in input volt- 
age and frequency and any variation in 
load volt-amperes and power factor. 

These are ideal requirements, and a 
regulator has not been designed which will 
fulfill them completely. Several types of 
static regulators have been available in 
recent years, but all of them have had 
one or more serious defects. The more 
serious of these defects are sensitivity to 
frequency and power-factor variations 
and slow speed of response. Since most 
voltage sources have good frequency regu- 
lation, the power-factor sensitivity has 
been the most prevalent defect in previous 
regulators. Because of this, a given 
regulator has had a limited flexibility in 
its application. 

The voltage regulator described in this 
paper has the important distinction fun- 
damentally of being independent of load 
power factor. It will meet all of the 
other requirements except frequency 
variations of an ideal regulator within 
limits of which can be summarized as 
follows: 


The regulator can be designed to maintain 
an output voltage which will not vary more 
than +2!/,; per cent for a simultaneous 
variation of 30 per cent in line voltage, 100 
per cent in load, and any desired range of 
power factor. For fixed loads, the regula- 
tion can be held to less than +0.5 per cent 
for 30 per cent variation in line voltage. 
The regulator will re-establish the load 


E 219-/ 
= ca re 
— 


LOAD 


General circuit diagram for voltage 
regulator 


Figure 1. 


FEBRUARY 1942, VoL. 61 


_ A Static Voltage Regulator Insensitive 


to Load Power Factor 


T. T. SHORT 


NONMEMBER AIEE 


voltage within three cycles after a sudden 
change of 30 per cent in line voltage or 100 
per cent in load is imposed on it. A varia- 
tion of one-half cycle above or below the 
rated frequency will change the level of out- 
put voltage but will not materially affect 
the regulation of the new frequency. The 
wave form at or near full load will have a 
maximum harmonic content of about 6 per 
cent, and at open circuit its harmonic con- 
tent reaches a maximum of 20 per cent. The 
efficiency of a one-kilovolt-ampere regulator 
or larger is 90 per cent or higher at full load. 


Fundamental Circuit 


The fundamental circuit employed in 
the regulator is simple and consists of a 
reactor and capacitor connected in series 
and shunted across the load as in Figure 
1. The reactor has its individual charac- 
teristics, however, and these must be 
properly correlated with those of the 
capacitor. The reactor contains a special 
magnetic circuit! employing a bridge gap 
which will produce the volt-ampere 
curve £; in Figure 2. The capacitor is 
chosen so that its volt-ampere curve EF, 
will be parallel to that of Z,. In an 
ideal circuit where L and C are pure in- 
ductance and capacitance, the voltage E; 
at the extreme terminals of the series 
circuit will be the numerical difference 
between the inductive and capacitive 
voltages. In Figure 2, therefore, the 
voltage Es can be represented by the ver- 
tical distance between the two volt- 
ampere curves, and this will remain con- 
stant between values of current repre- 
sented by 7% and 7%’. (In the following 
discussion capital letters are used to 
represent general values while lower-case 
letters represent minimum values and 
lower-case letters with primes ['] repre- 
sent maximum values.) The permissible 
variation in series current is utilized in a 
series impedance Z in Figure 1 to com- 
pensate for changes in line voltage and 
load characteristics. 

Assume, for example, an ideal circuit 
as in Figure 1 with the series impedance 
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considered as pure resistance. Assume 

also that the circuit is operated at no 

load on a line voltage of some value which 

causes the minimum current of 7; to flow 

through L and C. The vector diagram 
for this case is given in Figure 3 for which 

the following equations apply considering 

that J. 1= I 0- 


0" = €3?+- (4,2)? (1) 
(¢0’)* = ey? (1'Z)? (2) 


Subtracting equation 1 from equation 
2 


(¢0’)?— eo? = (in’Z)*§— (412)? (3) 


Thus as the line voltage increases, [; 
increases to a value where the impedance 
drop Fy, (%Z), exactly compensates for 
the increase in line voltage. If the line 
voltage continues to increase, J; may ex- 
ceed its limiting value of i,’ and the load 
voltage represented by the vertical dis- 
tance between F, and Es; in Figure 2 will 
decrease. This calls for a further in- 
crease in F, and a still higher value of J). 
Thus the load voltage drops very rapidly 
when the limits of J; are exceeded. 

Now consider the same circuit operat- 
ing on a constant line voltage and a vari- 
able resistance load. The vector diagram 
in Figure 4 shows the relation between J; 
and load current where it is important to 
note the minimum value of 4 concurs 
with the maximum load current and that 
J, increases as the load decreases. The 
change in J; is dictated again by the 
amount of voltage drop in the series im- 
pedance Z necessary to compensate for 
the change in drop caused by the change 
in load current. In general the following 
vectorial equations apply: 


Bo=NhZ+E;=E.+ Es (4) 
and 
h=h4+1; (5) 


The load current may have any value and 
phase angle with respect to E3; and E 
may fluctuate over any range, with the 
only restriction being that the limits of 


VOLTAGE 


iu CURRENT ii 


Figure 2. Volt-ampere curves of nonlinear 
reactor E; and associated capacitor E, 
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e, Figure 3. No-load voltage relations in 
an ideal regulator with resistance as 

the series 

Ma impedance 


lizlo 


Cz 


I, are 1 and 7,’ as prescribed by Figure 2. 
If the load current becomes too high J; 
drops below the limiting value of 1%, and 
the voltage E; drops rapidly. 

The characteristics of the series im- 
pedance Z materially affects the permis- 
sible range over which the various quan- 
tities are permitted to vary. A constant 
current type of series impedance shown in 
Figure 5 has several advantages. This 
circuit consists of a reactor and capacitor, 
connected in parallel, with volt-ampere 
relations similar to those of Figure 2. 
The line current is the difference between 
the capacitor and reactor currents at 
any value of their common voltage and 
can be represented by the horizontal dis- 
tances between the two curves. It can 
be shown! that this circuit will maintain 
a constant current over a range of voltage 
from ¢4 to e4’ which on Figure 2 would 
‘correspond to the voltages e; and e’. 
‘Thus another set of limits for correct 
operation must be added to those previ- 
ously mentioned. The voltage drop Ey 
across the parallel capacitor and reactor 
must remain within the limits of e4 and e4’ 
over which there is a constant horizontal 
distance between the volt-ampere curves. 


Analysis of the Practical Circuit 


An accurate analysis of the regulator 
circuit must consider the actual power 


e, 


C2 


Figure 4. Vector diagram of the series 
portion of an ideal voltage regulator, with 
resistance as the series impedance, at constant 
line voltage and variable load 
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Figure 5. Complete circuit diagram of the 
preferred arrangement of the voltage regulator 


factors of all of the reactors and capacitors 
in the circuit. A mathematical solution 
for the operating range can be established, 
but in practice, a graphical solution from 
a simplified vector diagram is quicker 
and accurate enough for design purposes. 
Hence a discussion of the vector diagram 
only will be attempted. 

The complete diagram is given in 
Figure 6. In addition to equations 5 
and 6, the following vectorial relations are 
needed. 


Ih=Ih+Is 
Es3=Fi4+ 2» 


(6) 
(7) 


The diagram shows all of the currents and 
voltages in their proper phase relations 
for a general load. The power factor of 
the reactors changes over their operating 
range which complicates an accurate vec- 
tor analysis. However, experience has 
shown that average values of a and @ 
are accurate enough for the graphical 
calculations. 

A simplified diagram may be con- 
structed by using average values for a 
and @¢. The vectors Fj, 2, J2, and J; may 
be omitted, and the voltage E, can be 
represented by a closing vector between 
E; and Eo. The diagram must include 
the range of the important variables if it 
is to be useful. Hence, it is convenient 
to represent the limits of Hy, by the arcs 
of two circles having the end of EF; as 
their common center. The line-voltage 
vector will change in direction because J; 


has been taken as the reference axis, but 
its limits can be established by the arcs 
of two circles with their common centers 
at the origin. The locus of the constant 
line current is the arc of a circle, and the 
limits of J; can be indicated on the refer- 


ence axis. A diagram incorporating 
these limits as well as variations in load 
is shown in Figure 7. 


The actual design of a voltage regulator 
is based on a diagram similar to Figure 7. 
The variation in line voltage and the 
variation in load are prescribed by circum- 
stances of the application. The limits of 
I, and E, are established by the parallel- 
ism of the volt-ampere curves and, under 
practical conditions, may cover ranges of 
3 to 1 and 2 to 1 respectively. After a 
few adjustments of Jo, the values of 1 
and F, can be made to fall within their 
respective limits. Then, since the nu- 
merical values of line voltage and load 
current are known, all of the other cur- 
rents and voltages can be scaled off of the 
diagram. A comparison between cal- 
culated and measured values of regulator 
currents and voltages is given in Table 
iL 

Fundamentally, it is possible to design 
a regulator to operate any load over any 
range of power factor, leading or lagging; 
but, it is more economical to supply in- 
ductive power-factor correction for lead- 
ing loads and limit the design of the 


Figure 6. Complete vector 
diagram of the voltage regu- 
lator supplying a general lag- 
\ ging-power-factor load 


Table I. Comparison of Calculated and Measured Values of Regulator Currents and Voltages 
Ib Ei E3 
Load 
Cal- Meas- Cal- Meas- Cal- Meas- Cal- Meas- Power 
Eo culated ured culated ured culated ured culated ured Is Factor 
Cee eeh Chon oo! sacar 120 Se 118 Di Beer oe eae We code SO bases 2531 TAR 1.0 
gee Mens aaotk ala. he WO, oo LACS aeRO mene COs saa 00/0. eon See 1.0 
130.0003, 0 eee NGF hinetors 162. Pe PTE yo Oe sgn 80) St eae 2578 1.0 
TAR SRCIRCD,  omch tote cae ve EO Sho 144. 1.60 0 eS eee COheese 90.3 eee 7 Sane 0.8 
115.0 5.3 Ohms Omen 16S aes 166. Ge ee ale 7 5 ee We cove 901.6: .0 eee 517 0eeee 0.8 
1302 4:3..0. eS cS eee IDs po 182% we Ge, aes See ODecvoc oO; 27 See en ORS 
CREM Pee, Se Rly Ps vc ieee ee 170 Oe eee OT ee Conse 7 tk Hs fie 
UV5 sees Sc scacautee Ski Piatt 204 h ioisc6 196.. Sikes PAY MRP lace 9OROM8, SOM ask aera 0 
EOS cits SOs cee Ba S onreeit D20 nears 22k Sole. Bei sn a QO cores OO a hae rate 10) 
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RANGE OF IL 
Figure 7. Design vector diagram 


regulator to lagging loads. The reason 
for this is that an increase in power 


factor in a lagging direction reduces the 


value of current J;, while an increase in 
a leading direction increases the value of 


_, beyond that required at no load. 


Thus, the capacity of every element of 
the circuit would have to be increased if 


_ the regulator were designed for both lead- 


ing and lagging loads. 


Characteristics 


GENERAL 


The equivalent characteristic of Z and 
C in the series circuit is inductive, and the 
vector sum of its current J, and the load 
current must be constant. Therefore, 
J, will decrease for both an increase in 
load and an increase in lagging power 
factor. 

The magnitudes of all quantities except 
EF, in Figure 7 are independent of line 
voltage, but their phase angles with re- 
spect to the line voltage may change. 
Between full load and open circuit there 
is as much as a 90-degree phase shift be- 
tween input and output voltage. 


STABILITY 


Stability of the regulator over its in- 
tended range of operation depends on the 
voltage relation between the series por- 
tion of the circuit and the line voltage, 
that is HE; and EZ. If the vector &;, in 
Figure 7, extends beyond the arc of 
minimum line voltage, the vector FE, will 
intersect this arc at two points. Two 
values of E, will, therefore, satisfy the 
voltage triangle and the regulator may 
become unstable. Stable operation can 
be assured by establishing the value of FE; 
somewhat less than the minimum value 
of line voltage. 


InpuT POWER FACTOR 


The angle between Ep and Jy in Figures 
6 and 7 is the power-factor angle on the 
line side of the regulator. This angle is 
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Figure 8. Voltage regulation curves 


A—Open circuit 
B—Full-load unity power factor 
C—Full-load 0.8 power factor lagging 


leading for all values of load and line 
voltage. As the input current, Jo, is 
constant and independent of loading, the 
input volt-amperes will be proportional 
to the line voltage Ey. Therefore, as the 
load is decreased, the input power factor 
rapidly decreases until at no load the 
regulator becomes virtually a capacitor. 
The input volt-amperes for a typical 
unit is approximately 150 per cent of the 
rated output at an average value of Eo. 


HARMONIC CONTENT 


The distortion of the output voltage 
wave shown in Figure 10a and b is caused 
primarily by a third harmonic. The 
analysis in Table II shows the comparison 
between input and output voltage for 
several harmonics. While the third har- 
monic is predominant, it reduces ma- 
terially with load, whereas other har- 
monics are nearly independent of load. 


REGULATION 


The curves in Figure 8 show the 
variation in load voltage for several con- 
ditions. This variation depends upon 
the accuracy of adjustment of the volt- 
ampere curves of the reactors. Since the 
curve EF, is not a perfectly straight line 
between 7, and 7,’, the regulation is de- 
pendent also on the range over which I; 
is permitted to vary. 


Table Il. Harmonic Analysis of Regulator 
Voltage in Per Cent of Fundamental 


Regulator Output Voltage 


Full Load 
Order Unity Full Load 
of Har- Line No Power 0.8 Power 
monic Voltage Load Factor Factor 
eres LOO, log .100 100 
3 Onl eae Zoek scien sO 11.5 
Coe cl Ore Oltsee, Med) ss 1.75 
emo, Oui ae One, cece) O10 
Wiser Wot lOveda TOR hey, 5. MUeReraien 0.60 
ioe ee OLOS ee OO Gea OD0)s,. 0.57 
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Figure 9. Efficiency curves 


Unity-power-factor load 

A—500 volt-ampere regulator 
B—250 volt-ampere regulator 
C—100 volt-ampere regulator 


The effective value of output voltage is: 
altered slightly by the change in wave 
form. It would change by three per cent 
from no load to full load on the basis of 
the harmonic content given in Table II. 
Thus considering the over-all regulation, 
the distortion does contribute an ap- 
preciable part. 

The regulation can be improved by an 
adjustment in the volt-ampere curves of 
the parallel part of the circuit in Figure 
5 so that Jp decreases at the higher values: 
of F.. 


EFFECTS OF FREQUENCY 


The effect of frequency on the opera- 
tion of the regulator can be understood 
clearly by a reference to Figure 2. The 
volt-ampere curves are parallel for only 
one frequency, and, in general, the output 
voltage varies as the square of the fre- 
quency. In addition, the voltage regula- 
tion may be positive or negative depend- 
ing on direction in which the frequency 
may change. 


EFFICIENCY 


From the vector diagram in Figure 7 
it can be seen that, as the load is de- 
creased, the voltage increases across the 
various reactors and capacitors in the cir- 
cuit, Asa result, the losses are higher at 
no load than at full load, the no-load 
losses being approximately double the 
full-load losses. The general efficiency 
curves are shown in Figure 9. 


SELF-PROTECTION 


Mention has been made of the fact that 
as the load is increased above normal, the 
current J; in the series part of the regula- 
tor decreases. This is an important fac- 
tor, because it guarantees that the 
regulator cannot be overloaded, When 
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the load current begins to exceed its 
maximum limit, J; drops below 7, Figure 
2, and the load voltage drops rapidly. 
A short circuit can be placed directly 
across the output terminals with no 
damaging effect whatever, as shown by 
the oscillogram in Figure 10c. In fact 
the losses in the regulator decrease under 
short circuit conditions because only the 
parallel portion of the circuit remains 
effective. 


‘SPEED OF RESPONSE 


The oscillograms in Figure 10 show how 
rapidly the regulator restores normal 
voltage when a sudden change in line 
voltage or load is imposed on the circuit. 
A transient of about three cycles occurs 
during which the load voltage may rise or 
fall about ten per cent. 


SIZE 


The size and equivalent kilovolt- 
amperes of the regulator depend on the 
Tange over which it has to operate. For 
a typical unit which operates over a range 
of 30 per cent variation in line voltage, 
100 per cent variation in load kilovolt- 
amperes and from unity power factor to 
80 per cent lagging power factor the size 
and equivalent kilovolt-amperes will be 
approximately seven times that of a 
‘standard transformer of the same rating. 
If the range is reduced to 20 per cent line- 
voltage variation 50 per cent variation in 
load kilovolt-amperes and from unity to 
90 per cent power-factor variation, the 
size and equivalent kilovolt-amperes will 
be reduced to approximately four to one. 


Conclusions 


There has been presented in this paper 
a new form of static voltage regulator 
which can be separated into two parts. 
The first is a series circuit consisting of a 
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Figure 10. Voltage-regulator oscillogram 


& 


A—Transient in output voltage E; when line 
voltage E is suddenly increased from 100 to 
125 volts 


B—Transient in output voltage Ez; when load 
current |; is suddenly increased from one-half 
load to full load 


C—Transient in load current /; when a short 
circuit is placed on a regulator operating at 


full load 


capacitor and reactor which, over a prede- 
termined range of current passing through 
it, will maintain a constant output volt- 
age regardless of load or power factor. 
The second consists of a circuit contain- 
ing a capacitor and reactor in parallel 
which, over a specified range of voltage 
drop, will maintain a constant current 
regardless of the line voltage. Thus, the 
two elements in conjunction convert 
variable potential to constant current, 
then to constant potential. 

The regulator has many characteris- 
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tics such as good voltage regulation, in- 
dependent of load power factor, high 


' speed of response and high efficiency at 


full load which makes it desirable for 
many applications. Its self protection 
against overloads makes it an ideal source 
of supply for filaments where the cold 
resistance approaches a short circuit. 

In three-phase delta systems the regu- 
lator is unsatisfactory because the phase 
position of the output voltage depends on 
the load. However, in wye-connected 
systems three single-phase regulators can 
be used in each line to neutral. 

The application of this regulator is 
necessarily limited by its size and cost. 
In general it will apply where some 
variation in load and power factor is 
expected and one or more of the following 
requirements are essential: 


(a). High speed of response to eliminate the 
effect of transients. 


(b). Very close regulation at any fixed load. 
(c). Freedom from moving parts. 
(d). Complete self-protection. 


(e). Restricted overload capacity (maximum 
output current may be limited to as low as 
125 per cent of rated current). 


Sudden changes in line voltages of rela- 
tively short duration commonly occur on 
lines to which motors are connected, and 
these surges are passed through many 
types of voltage regulators. The three- 
cycle response speed of the regulator de- 
scribed above greatly attenuates these 
voltage fluctuations. This is an impor- 
tant factor in many applications for elec- 
tronic devices and for testing purposes. 
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Synopsis: A carrier-current system provid- 
ing a relatively large number of channels is 
_in service on a high-voltage power line. The 
facilities provide: F 


; 1. Transmission of signals both ways for the open- 
ing of the circuit breakers at the remote end by the 
operation of relays at the near end. 


2. Two-way telephone service between any ex- 
tension telephone at the remote generating station 
and any telephone connecting to the main tele- 
phone switchboard in the central office building. 


3. Two-way telemetering (station generation one 
way and system total generation the other way). 


4. Transmission from the system operator's office 
to the station of automatically generated load-con- 
trol signals used to increase or decrease atto- 
matically the station generation. 


5. Two channels in each direction for future re- 
quirements. 


This paper describes the methods employed to ob- 
tain these channels over a single power line, includ- 
ing the special precautions taken with the high- 
speed transferred trip signals to prevent faulty 
tripping of the line due to external disturbances 
which might generate carrier-current tripping 
pulses. 


The Carrier-Current Circuits 


catrier-current system providing 15 

channels on a single high-voltage 
transmission line is now in service. The 
transmission line connects directly to the 
transformers at each end, and circuit 
breakers are provided only on the low- 
voltage sides of the transformers. The 
carrier-current channels are used for 
high-speed transferred tripping, tele- 
metering, load control, and telephone. 

Normally just a few carrier-current 
channels are required on a power line. 
If more than about four channels are re- 
quired, many problems arise because of 
the need of guard bands, the practical 
limit of two-carrier frequencies per 
coupling capacitor, complexities of wave 
traps for separating frequencies, and so 
on. 

The 15 channels are obtained as fol- 
lows: One carrier frequency is used for 
single-frequency duplex telephone serv- 
ice since standard equipment is avail- 
able to perform this function. Two 
carrier frequencies are established and 
kept in operation at all times, one in each 
direction over the line, for the signaling 
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carrier system. These carriers are modu- 
lated with the requisite number of audio 
tones required for the other services. 
At the receiving point, the audio tones 
are separated and used to operate relays 
or other suitable devices. Figure 1 shows 
a photograph of the equipment required 
at one terminal for the telephone, eight 
audio channels transmitted and six audio 
channels received. 

The above plan requires three carrier 
frequencies. The tuning and line cir- 
cuits for these frequencies as well as the 
power frequency are shown in Figure 2. 

One will notice that the circuit for each 
frequency consists of two phase conduc- 
tors and a grounded center tapped output 
transformer. The path of the carrier 
current may be over the two phase con- 
ductors, or one phase may be opened or 
grounded and a path will then exist be- 
tween the other phase conductor and 
ground. In this way work may be per- 
formed on the line without interrupting 
the carrier-current circuits. In addition, 
double-frequency wave traps are inter- 
posed between the line grounding switches 
and the coupling capacitors so that the 
line may be grounded without disturbing 
the carrier-current path. 

Each coupling capacitor couples two 
frequencies to each phase conductor. In 
order to segregate frequencies, separate 
line-tuning coils and wave traps are pro- 
vided. At each terminal each carrier 
frequency is selected by two line-tuning 


coils, two wave traps, and a matching 
transformer. 


Relay or Signaling Carrier System 


A block diagram of the equipment re- 
quired for the signaling carrier system is 
shown in Figure 3. The upper portion of 
the diagram shows the transmission sys- 
tem and the lower portion the receiving 
system, Signaling circuits operate the 
audio-tone generators numbered 1 to 8. 
The signal may either start or stop the 
oscillator, as may be required. However, 
it requires about three milliseconds for 
the audio frequency to either build up or 
decay, and, therefore, this limits the 
speed with which the tone can be con- 
trolled. In Figure 4 is shown the circuit 
of one of these audio oscillators and its 
amplifier. 

The frequency stability of the oscillator 
must be reasonably good. The oscillator 
is tuned to the desired frequency by 
means of small fixed condensers and a coil 
with a movable powdered iron core. The 
core is adjusted by means of a screw to 
give a fine control of the frequency. 

The outputs of the various oscillators 
are added by connecting the output trans- 
formers in series with the modulator. 
This must always be borne in mind, since 
opening a circuit at one point or even re- 
moving an amplifier tube will remove all 
the audio frequencies. In setting the 
frequencies of these tone generators, the 
frequencies must not be harmonics of one 
another nor should they be within 30 per 
cent of one another. A study of these 


Figure 1. Carrier-current equipment set up for 
test 


From left to right, the cabinets contain the 

following units: telephone, line tuning, relay 

transmitter, relay receiver, and transferred trip 
control 
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CONNECTED AS ABOVE 
TUNED TO fo 
REJECT fj &f3 


CONNECTED AS ABOVE 
TUNED TO £3 
REJECT #) & fo 
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CIRCUITS 


POWER 
AMPLIFIER 


"RECEIVING 
CIRCUITS 


AMPLIFIER 
AUDIOTONE FILTERS 
AND RELAYS 


conditions shows that the frequency 
spectrum from 300 to 3,000 cycles will 
provide only about ten tones which will 
meet the above conditions. The equipment 
has been designed to accommodate a max- 
imum of ten toneseach way. The carrier 
frequency is supplied by a master oscilla- 
tor which drives a power amplifier. This 
carrier frequency is always maintained 
so that a channel will be available for 
any audio tones which may be sent 
through. The power amplifier is plate 
modulated by the audio tones. From the 
power amplifier the carrier frequency is 
applied to the line tuning system shown 
in Figure 2. 

At the far end of the line the carrier 
frequency is tuned by the proper line- 
tuning circuit and applied to a super- 
heterodyne receiver. This receiver is 
equipped with both a squelch circuit, to 
prevent the reception of noise when no 
carrier frequency is present, and auto- 
matic volume control, to control the sen- 
sitivity to variations in carrier strengths. 
The output of the receiver is connected 
to an audio amplifier which provides 
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shown and a block diagram is used for the 
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Figure 3 (left). Block diagram 
of relay- or signaling-carrier 
system 


Figure 5 (right). Simplified 
schematic diagram of audio-tone 
receiver and relay 


AUDIO TONE 
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about ten watts of power to the audio- 
tone filters. 

The circuit of one of these audio filters 
is shown in Figure 5. The tuners are 
connected in series similar to the series 
connections in the transmitter. A par- 
allel resonant circuit is tuned to each fre- 
quency which may be received by means 
of fixed capacitors and a coil with an ad- 
justable powdered iron core. The volt- 
age developed on the tuning circuit is 
applied to the grid of a detector tube 
which is biased to cut off when no signal 
is present. The arrival of signal of the 
frequency to which the circuit is tuned 
causes current to flow in the tube. This 
current normally passes through a relay 
which operates when the frequency is 
present. 


The Transferred-Trip Circuit 


One of the principal requirements of 
the signaling carrier system was to pro- 
vide a high-speed transferred trip signal. 
The transformers on this line are not 
provided with circuit breakers on the 
line side. In case of a fault in a trans- 
former, it is necessary to open the lower 
voltage breakers at both ends of the line 
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Figure 4. Simplified schematic diagram of 
audio oscillator and amplifier 
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in order to clear the transformer. The 
carrier is used to transmit the tripping 
signal to the far end of the line. Be- 
cause of the large capacity of the trans- 
formers on this line, it was desirable that 
the time of transfer be as short as pos- 
sible, and, at the same time, be com- 
pletely reliable. In order to meet these 
conditions, it was decided to use three of 
the audio tones each way. These are 
arranged to provide the high-speed action 
desired together with automatic super- 
vision and alarms. 

The basic principle of the trip circuit 
is to have one of the audio frequencies, 
called a blocking frequency, always alive 
under normal conditions. This frequency 
upon reception, holds a relay contact open 
and prevents tripping. In order to trip, 
it is necessary to stop the blocking fre- 
quency and start another, called the trip- 
ping frequency. At the receiving point, ~ 
a contact on the relay, associated with 
the tripping frequency, closes, and upon 
the closure of the contact associated with 
the blocking frequency, the trip circuit will 
be completed. Thus two things must oc- 
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ir to cause a tripping action: First, the 
blocking frequency must be removed, and 
second, the tripping frequency must be 
started. As long as the blocking fre- 
quency is present, no tripping can occur 
even though the tripping-frequency relay 
might close from time to time, due to 
static, noise, and so on. Figure 6 shows 
this scheme in block diagram form. 

The existence of the blocking frequency 
makes possible an interlocking supervis- 
ing system. A block diagram of the cir- 
cuit arrangement at the two terminals 
is shown in Figure 7. Frequencies Fl 
and F2 form one of the blocking loops. 
When the initiating switch 1 is in the 
normal position, it energizes the blocking 
oscillator Fl. The blocking frequency 
Fl is transmitted and received; contacts 
11 and 12 close and contact 13 opens. 
With the initiating switch 2 in the nor- 
mal position, the closing of contact 11 
causes the blocking oscillator to start, 
and the frequency F2 is in turn trans- 
mitted. At the other end of the line it 
is received. This causes contacts 21 and 
22 to close and contact 23 to open. The 
closure of contact 21 lights a pilot lamp 
which shows that this blocking loop is 
complete and that the carrier equipment is 
normal, since any failure would result in 
the loss of the blocking frequency and the 
consequent extinction of pilot lamp. 

A second blocking loop is provided by 
frequencies F3 and F4 in exactly the 
same way as the first blocking loop. This 
second loop causes contacts 31 and 32 to 
close and 33 to open at the remote ter- 
minal, and 41 and 42 to close and 43 to 
open at the supervising terminal. The 
condition of this blocking loop is shown 
by pilot lamp B. 

These have been called blocking loops 
because they prevent tripping. This 
action occurs because contacts 13 and 33 
are open at one end and, therefore, no 
feed is provided for the auxiliary relays; 
contacts 23 and 43 at the supervising 
end are open, also preventing tripping of 
this end. 
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The operation of either initiating 
switch 1 or 2, will trip the opposite end of 
the line. Operation of switch 1 removes 
the feed to the blocking oscillators (F1 
and F3) and puts feed on the tripping 
oscillator (F5). At the far end of the 
line contacts 13 and 33 close due to the 
loss of the blocking frequencies, and con- 
tact 53 closes because the tripping- 
frequency receiver is energized. This 
provides feed to the auxiliary relay and 
trip circuits. Likewise operation of 
switch 2 will complete the circuit through 
contacts 23, 43, and 63, for tripping in the 
opposite direction, 

Supervision of the carrier is obtained 
by other contacts on the relays. When 
a blocking loop is closed the push button 
receives feed through the corresponding 
contact 22 or 42. This push button tests 
the tripping frequency by means of a 
third loop. The test can only be made if 
one of the blocking loops is complete. 
Since there is no way of knowing whether 
the (F5) tripping-frequency oscillator or 
receiver, or the other (F6) tripping-fre- 
quency oscillator or receiver is in working 
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Figure 7. Block diagram of the 
blocking and tripping system and 
interlocking-supervision method 


condition, this test is necessary. Opera- 
tion of the test push button closes con- 
tact 51 which in turn starts the tripping 
oscillator (F6) and closes the contact 61, 
indicated by the lighting of pilot lamp C. 
Pilot lamp C will light only when all the 
elements of the trip circuit are in operat- 
ing condition. By connecting an alarm 
relay as shown in Figure 7, an alarm will 
be given whenever both blocking loops 
are lost. This occurs when something 
has become defective in the carrier cir- 
cuit. To further aid in preventing 
trouble, due to the possible loss of car- 
rier blocking coincident with the recep- 
tion of undesired signals, the tripping- 
frequency receiver is set about one half 
as sensitive as the blocking-frequency 
receivers, 


Initiating Circuits 


In Figure 7 the initiating circuits are 
indicated as switches 1 and 2. In actual 
practice no switches are used for this pur- 
pose. The blocking frequencies are re- 
moved and the tripping frequency started 
directly from the closure of the primary 
relay contacts, Figure 8 shows sche- 
matically the essential features for trans- 
mission and reception, keeping the nota- 
tion of Figure 7 as much as possible. 

Two separate sets of contacts are pro- 
vided on the primary relays, for two sepa- 
rate auxiliary relays. The carrier trip 
circuit must also feed from the same cir- 
cuits as the auxiliary relays. Tubes 
V1 and V2 are provided as insulation be- 
tween the two relay busses. Since only 
one carrier trip circuit is provided, the two 
relay busses must be paralleled, and yet 
back feeds from one bus to the other 
must be prevented. Tubes V1 and V2 
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make this possible since they carry cur- 
rent in only one direction. 

When the primary relay contacts are 
open, tubes V1 and V2 are nonconducting. 
Tubes V4 and V5 are amplifiers in the 
blocking loops. Under normal conditions 
they will have their starting switches 
closed and be in a condition to amplify. 
Their cathode current flows through re- 
sistor R1 and causes a voltage drop of 
about 15 volts on this resistor. This 
voltage is so small that the current 
through V3 and V6 is insufficient to am- 
plify the tripping frequencies. The 
blocking frequencies (Fl and F3) are 
transmitted, and the tripping frequency 
(F5) is not. 

At the remote end of the line closure 
of contacts 11 and 31 provides feed for 
the blocking amplifiers (V10 and V11), 
provided no primary relay contacts are 
closed. It will be noticed that a circuit 
exists here similar to that at the super- 
vising end through the tubes V7 and V8 
and resistor R2. Hence, the blocking fre- 
quencies (F2 and F4) are transmitted, 
and at the supervising end of the line, 
reception of these frequencies causes the 
pilot lamps A and B to be lighted and feed 
to be provided for the test push button. 
Likewise the tripping circuits are opened 
as previously discussed. 

Upon closure of the primary relay con- 
tacts at either end of the line, either tubes 
V1, V2, V7, or V8 will become conduct- 
ing, and practically full operating bus 
potential will be developed across either 
resistor Rl or R2. This action removes 
the voltage from the blocking amplifiers 
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and causes either tube V3 or V9 to be- 
come conducting and provide feed for the 
tripping-frequency amplifier. This, of 
course, closes the trip circuit at the other 
end of the line as discussed previously. 
Tubes V3 and V9 are provided so that 
when the test push button is closed, the 
tripping amplifier can be energized with- 
out removing the voltage to the blocking 
amplifiers. Whenever the test push but- 
ton is closed all six audio frequencies are 
present on the line. The alarm relays 
are also provided as described previously. 
The pilot lights and test push button 
are extended to the control room so that 
the condition of the carrier equipment 
can always be observed by the operators. 


General Comments 


This transferred tripping circuit was 
designed to provide as high a transfer 
speed as possible. Oscillograms were 
made on a test setup of the equipment, 
two of these being shown in Figure 9, one 
for each direction. It will be seen that 
the time required for tripping is less than 
0.015 second. It will be borne in mind 
that this transfer circuit effectively par- 
allels the trip busses at both ends of the 
line and that the time occupied in trans- 
ferring the signal is the only delay in the 
simultaneous opening at both ends. 
The opening of one end of the line should 
always open the otherend. The primary 
relays have preference over the push 
button circuit. 

As the circuit has been explained, the 
tripping connection would seal itself in. 
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To prevent this, back contacts were 
placed in the auxiliary relays at one end 
which would break the circuit as soon as 
these auxiliaries have operated. 


Telemetering and Load Control 


An impulse method of telemetering is 
used over the carrier-current circuit. 
The starting of the audio frequency used 
for telemetering indicates one impulse, 
and the stopping indicates a second im- 
pulse. In this way, the control of the 
audio oscillator is very simple. Load 
control signals of the time-duration type 
are also transmitted. These are based 
on the premise that the more the load 
is to be changed, the longer the pulse 
lasts. The starting and stopping of the 
audio frequencies, associated with the 
load control transmission, is rapid enough 
to cause inconsequential change in this 
timing. 


Experiences With Equipment 


As will be noted from Figure 2, the 
line-tuning system is quite complex, and 
it was considered too difficult to check the 
frequency response of the line using the 
actual equipment. A simple method 
was used for this measurement. Three 
resistors arranged in a star and grounded 
at the mid-point were connected at each 
end of the line. Drain coils were also 
connected across each resistor. A vari- 
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able frequency generator was connected 
to the phase wires, a pair at a time, and 
the transmission over the frequency band 
from 50 kilocycles to 150 kilocycles was 
obtained. Readings were made by vac- 
uum-tube voltmeters at the sending end 
and the receiving end. Figure 10 shows 
the circuit used and the curve of response 
from A to B phases. For actual use, the 
received voltage should be doubled, since 
the terminating resistors are not present. 

It was felt that noise would be the worse 
possible source of trouble so far as the 
transferred trip circuit was concerned, 
particularly noise from lightning. The 
blocking system was designed to prevent 
harm from this type of noise, but a defect 
was present at first. Whenever a noise 
pulse was received it overloaded the re- 
ceiver and wiped off the modulation. It 
also gave a large pulse of negative voltage 
to the automatic volume-control circuit. 
When the noise pulse disappeared the 
automatic volume control was biased too 
far negative and the carrier signal was 
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not received. As a result the blocking 
relays dropped out. In order to correct 
this the time constant of the automatic 
volume-control circuit was shortened to 
about 1/9 of a second and with this ar- 
rangement the blocking relays are not 
affected when a noise is received. In ac- 
tual practice these noise pulses are nor- 
mally due to lightning discharges in im- 
mediate vicinity of either terminal. A 
noise pulse apparently does not affect the 
tripping-frequency relay. 

So far in the operation of the equip- 
ment little trouble has been experienced 
in maintaining the audio signals. In the 
original setup of the frequencies it was 
necessary to separate the audio tones by 
at least 30 per cent and also to see that no 
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frequencies were on the harmonics of 
lower frequencies. This rather limits the 
number of audio frequencies available in 
the band from 300 cycles to 3,000 cycles 
over which the equipment is designed to 
operate but there is sufficient space for the 
ten tones, the maximum number desired 
on this system. It has been found neces- 
sary to keep the percentage modulation 
of any individual frequency low to pre- 
vent interaction between any of the vari- 
ous audio channels. Even so, there is a 
slight interaction which thus far has not 
been serious. The signal levels in the 
modulator and amplifier at both trans- 
mitter and receiver must always be kept 


Figure 11 (below). One ter- 
we Ht, minal of carrier-current tele- 
phone calling system 
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low to prevent the introduction of har- 
monics. It is not difficult however, to 
find working levels which are stable. 


The Carrier-Current Telephone 
System 


The problems which developed in the 
carrier telephone system were mainly due 
to long extensions and the type of pre- 
ferred service desired by the system op- 
erator, At one end of the line, the prob- 
lem was simple because the carrier set was 
near the telephone switchboard. At the 
other end, however, about eight miles of 
leased line were required to connect the 
telephone switchboard and the system 
operator’s office to the carrier equipment. 
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This distance was too great for the dialing 
equipment provided in the carrier sets 
and an additional calling system was de- 
vised. Furthermore, the duplexing equip- 
ment had to operate from extensions 
varying greatly in length. It was found 
that the variation between extensions was 
more than 20 decibels. 

A block diagram of the calling system 
which was finally adopted is shown in 
Figure 11. A single carrier frequency is 
used for the telephone work. The trans- 
mitter and receiver are controlled by voice- 
operated duplexing relays. The manufac- 
turer supplied standard equipment for this 
purpose, but the control circuit was 
changed to operate from the automatic 
gain control to provide compensation for 
the great variation in voice level due to 
differences in extensions. Also built into 
the equipment are line selectors, dialing 
circuits, and ringing relays. Additional 
tone-operated relays were added to this 
equipment to operate in conjunction with 
it. These tone-operated relays use the 
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same ringing circuits the dialing system 


would use but without going through the - 


dialing system. 

The telephone switchboard, to which 
the carrier is connected by the leased line, 
has fifteen positions with the possibility 
of using any one of 225-cord sets. The 
circuit was arranged in such a way that 
the placing of a plug in one of the termi- 
nal jacks of the telephone line would turn 
on the transmitter and prepare the car- 
rier set for service. It was necessary to 
provide a circuit which would send out a 
calling tone when the ring key of the cord 
set associated with plug was operated. 
This was done by inserting a 20-cycle 
relay in the jack circuit to operate from 
the normal switchboard ringing signal 
controlled by the ring key; the relay 
connects a calling tone to the telephone 
line and from there to the carrier trans- 
mitter. Upon reaching the normally ener- 
gized receiver at the distant end, the call- 
ing tone operates a relay tuned to its fre- 
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quency and it, in turn, indicates a call by 
lighting a call lamp on the telephone 
switchboard. As soon as the ring key is 
in its normal talking position, the calling 
tone stops, and when the called line an- 
swers, the equipment is ready for serv- 
ice. 

The calling-tone system makes it pos- 
sible to provide instantaneous preferred 
service for the system operator. A line- 
holding relay at the near end of the line 
is arranged to seize the equipment when- 
ever the operator desires. | Operation 
of the calling-tone key will then send out 
the preferred-service calling tone. At 
the far end of the line, reception of the 
preferred-service calling tone will break 
the normal telephone circuit and ring 
the system operator’s phone. In this 
way the system operator can always gain 
control of the carrier telephone, even 
though it may be in use for ordinary tele- 
phone purposes. Busy lamps are pro- 
vided to indicate when the line is in use 
to prevent unnecessary interruptions. 
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] Pe advantages of fast reclosing of 
transmission-line circuit breakers have 
been realized for a number of years. This 
experience has been gained on the basis of 
three-pole reclosures. One step beyond 
three-pole tripping and reclosure is single- 
pole operation. It is arranged so that on 
single phase-to-ground faults only the 
faulty phase wire is disconnected at each 
end of the line and then immediately re- 
closed. This allows synchronizing current 
to flow over the two sound-phase conduc- 
tors during the time the faulted phase wire 
is out of service. With single-pole trip- 
ping slower speed reclosing, as compared 
to three-pole operation, can be utilized 
with a definite gain in the stability limit.! 


The Phase-Selector Relays 


Single-pole tripping from a relay stand- 
point has brought up a number of prob- 
lems. At first thought it would appear to 
be only necessary to separate the trip cir- 
cuits of the conventional relay equipments 
into three separate paths to the single- 
pole trip coils. This is true to a certain 
extent, depending upon the type of relay 
protection being considered. For in- 
stance, in the case of the simple overcur- 
rent relay where phase relays will also 
operate for ground faults, it would be only 
necessary to arrange each phase relay to 
trip its respective single-pole breaker. 
However, it is the general practice at pres- 
ent to employ a separate ground relay 
operating on residual current and voltage 
or line residual current and power-bank 
neutral current in order to obtain ade- 
quate sensitivity to ground faults. The 
chief problem, therefore, involved in sin- 
gle-pole tripping is to find an effective way 
of indicating to the conventional residual- 
type ground relay which phase conductor 
is supplying the ground current. One way 
of providing this indication would be to 
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employ under voltage relays energized 
from line-to-ground voltage. A fault to 
ground on one-phase conductor would 
drop out the corresponding voltage relay 
whose back contact in series with the con- 
ventional directional ground relay would 
trip its associated single-pole breaker. 
Another possibility would be the use of 
voltage-restrained overcurrent relays oper- 
ating on line current and line-to-ground 
voltage. In general, neither of the above 
schemes is considered satisfactory on the 
basis that adequate sensitivity is not pro- 
vided. It is quite possible that a high- 
resistance ground fault will not reduce the 
voltage sufficiently to provide a safe mar- 
gin of discrimination. 

The ideal approach to the problem 
would be to find a method of phase selec- 
tion which can be made just as sensitive 
as the conventional directional ground re- 
lay and one which is, furthermore, totally 
independent of all normal conditions and 
dependent solely on fault conditions. 

The method described below utilizing 
the phase shift of one sequence component 
with respect to another sequence com- 
ponent meets the above requirements. 

Figure 1 shows the phase shift among 
the three sequence components for single 
phase-to-ground faults on different phases. 
It will be noticed that the zero-sequence 
component rotates around a given phase 
of the negative-sequence system in 120 de- 
gree steps. For instance, on a phase-A- 
to-ground fault the zero-sequence current 
is equal to and in phase with phase A of 
the negative sequence. This is, of course, 
on the basis of the total fault current. 
For a fault on phase B the zero-sequence 
component is in phase with the B-phase 
negative sequence, and, similarly, for a 
C-phase-to-ground fault the zero sequence 
is in phase with the C phase component 
of the negative sequence. Therefore, a 
selector element utilizing zero- and nega- 
tive-sequence current will act in one direc- 
tion for phase-A-to-ground fault but will 
act in the opposite direction for ground 
faults on Band C phases. Thus, if a direc- 
tional element with watt-element char- 
acteristics is supplied with the zero-se- 
quence current in one coil and the phase-A 
component of the negative-sequence cur- 
rent in the other coil, then, on a phase-A- 
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to-ground fault this element will have 
maximum torque in the contact-closing 
direction. For a fault on phase B the 
zero-sequence current leads phase A of 
the negative sequence 120 degrees, and 
for a fault on phase C the zero-sequence 
current lags phase A of the negative se- 
quence by 120 degrees. The element will, 
therefore, have torque in the contact- 
opening direction for phase-B and phase-C 
ground faults. If another similar relay 
element is used with its corresponding coil 
energized by the zero-sequence current, 
but its other coil energized by the phase-B 
component of the negative sequence in- 
stead of the phase-A, then, for faults on 
B phase it will be operating at maximum 
torque and will close its contacts but will 
have reversed torque for ground faults on 
phases A and C. Likewise, a third ele- 
ment energized by zero-sequence current 
and the phase-C component of the nega- 
tive-sequence current will close its con- 
tacts for phase-C-to-ground faults, but 
open its contacts for faults on the other 
two phases. The schematic connections 
for this relay are shown in Figure 2, 

The phase-selector relay consists of 
three elements similar to the conventional 
directional element. The polarizing coils 
of all three elements are energized by the 
zero-sequence current. The other coil on 
each element is energized by a component 
of the negative-sequence current obtained 
from the three-phase negative-sequence 
filter. This filter is so connected that the 
phase-A component of the negative-se- 
quence system is supplied to the phase-A 
element, the B component supplied to the 
B element and the C component supplied 
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to-ground faults on different phases 


1. Phase-A-to-ground fault 
9, Phase-B-to-ground fault 
3. Phase-C-to-ground fault 
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to the C element. The connections (Fig- 
ure 2) show the inclusion of phase relays 
which may be of the conventional type 
and also a conventional directional re- 
sidual-type ground relay. This relay is 
necessary to provide directional ground 
protection as the selector relay, while em- 
ploying elements similar to the directional 
element, does not indicate the direction of 
power flow but merely the particular 
phase wire which is grounded. The trip 
connections are shown at the bottom of 
the diagram where D, and J, are the direc- 
tional ground-relay contacts and Sy, Sz, 
and S, are the make contacts on the 
phase-selector elements. 

The negative-sequence filter connec- 
tions are shown in Figure 3. This device 
consists of three filters similar to a filter 
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Figure 4 (right). 
Current vectors for 
two conditions 


A—Phase - A con- 

ductor disconnected © 

B—Phase-B-to-C-to- 
ground fault 


Be 


AUX. SW. 


Figure 2 (above left). Sche- 
matic diagram of connections 
of phase-selector relay 


Figure 5 (right). Simplified 
schematic diagram of trip 
circuits 


which has been described previously and 
which has been in use for a number of 
years.”3 Three of these standard filter 
units are connected to form a three-phase 
unit so that it is entirely unresponsive to 
zero-sequence currents or positive-se- 
quence currents, and the output consists 
of all three phases of the negative-se- 
quence system, 

Other pairs of sequences besides the 
negative- and zero-sequence currents 


Figure 3. Schematic 
diagram of connec- 
tions of three-phase 
f negative-sequence 
filter 
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may be used to produce a phase-selector 
action. For instance, zero-sequence 
current and positive-sequence voltage 
is a feasible combination, also, zero- 
sequence voltage and positive-sequence 
voltage. However, it is considered that 
the zero- and negative-sequence current 
combination described above is more de- 
sirable, since all voltage connections are 
avoided and the selector elements operate 
on quantities which appear only during 
fault conditions, and, for this reason, its 
sensitivity can be very easily made ‘to 
match the sensitivity of the conventional 
directional residual-type ground relay. 
An essential feature of any phase-selec- 
tion scheme is that after a faulted phase 
has been selected for tripping, the phase- 
selector scheme should not operate, under 
the conditions obtaining while one phase 
wire is disconnected, to disconnect the un- 
faulted phases. It can be shown that the 
above selector scheme gives the same trip- 
ping indication after the faulted phase has 
been tripped out. With one phase wire 
disconnected, there will be load current 
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PHASE A 


Figure 6. Complete schematic diagram of 
trip circuits for carrier-current single-pole 
relaying 


on the other two phases, in general, equal 
and 120 degrees out of phase upon the as- 
sumption that each end of the protected 
line is fed from a grounded source. 

Figure 4A shows this condition for the 
case where phase A has been tripped. It 
is seen that the zero-sequence and the 
negative-sequence currents are in phase on 
phase-A selector element. The phase se- 
lector, therefore, gives the same indication 
during the time a phase wire is out of serv- 
ice, thus preventing inadvertent tripping 
of the unfaulted phases. Figure 4B shows 
the vectors for a two-phase-to-ground 
fault on phases B and C and, it will be 
noted that this is a very similar condition 
to that obtaining when one phase wire is 
disconnected, in that the zero- and the 
negative-sequence currents are essentially 
in phase. On two phase-to-ground faults, 
therefore, the phase-selector relay selects 
the unfaulted phase. 

The grounded phase-selector scheme 
can be applied in any system of phase and 
ground relays, but a description is given 
here of its use in a carrier-current step- 
type distance-relay scheme, as installed on 
the Public Service Company of Indiana 
system. In this application the following 
features were incorporated: 


1. All single-phase-to-ground faults to be 
tripped single pole and reclosed immediately. 


2. If fault still exists, then all three poles 
to be tripped. 


3. On phase-to-phase faults, two phase-to- 
ground and three-phase faults all poles to be 
tripped and not reclosed. 


It is interesting to examine how the 
simple phase-selector relay as described 
above is incorporated in a complete dis- 
tance-type carrier-current system. 
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PHASE B 


PHASE C 


NEG. 


The schematic connections in Figure 5 
have been simplified in order to show this 
incorporation as clearly as possible. The 
ground-relay trip circuit is made through 
the directional contact, D,, overcurrent 
contact, J,, the carrier-receiver relay con- 
tact, RRG, and one of the phase-selector 
contacts, Sy, Ss, or Sc. The phase-relay 
trip circuit is composed of the RRP car- 
rier-receiver contact, the Z or distance- 
element contact and the directional-ele- 
ment contact, D. The purpose of the Sy, 
Sz, and Sc, back contacts in series with 
the respective phase-relay contacts is to 
prevent three-pole tripping in case a 
phase relay responds to a close-in phase- 
to-ground fault. Distance relays for 
phase protection will, in general, have a 
tendency to operate on heavy close-in 
ground faults and since it is arranged that 
all three poles are tripped when a phase 
relay operates, the single-pole tripping 
feature would not be obtained in the case 
where a phase relay operates on a ground 
fault. It is necessary to arrange the 
scheme so that even though the phase re- 
lay operates on a ground fault simultane- 
ously with the ground relay and the 
ground-phase selector, the phase-relay 
trip circuit cannot be established. This 
is done by the inclusion of the back con- 
tacts, S4, Sz, and S¢, which are located on 
their respective phase-selector elements. 
In other words, for a phase-A-to-ground 
fault, D,, I,, RRG, and S, contacts close 
to trip the trip coil A, and at the same 
time the S,4 back contact opens and pre- 
vents the phase-relay contacts, Z and D, 
from picking up the MC relay which would 
attempt to trip all three poles. In some 
applications these phase-selector relay 
back contacts would not be necessary, 
since the response of the distance-type 
phase relay to close-in ground faults de- 
pends upon the actual ohm setting of the 
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phase relay and the magnitude of the 
ground current. 

It is seen, therefore, that the additional 
contacts fundamentally necessary for 
single-pole tripping consist of the three- 
phase-selector make contacts which per- 
mit the splitting of the conventional 
ground-relay circuit into three parts. De- 
pending upon the type of phase relay with 
which single-pole tripping is used, it may 
be necessary to employ three auxiliary 
blocking contacts to prevent interference 
by the phase relays. 

The complete schematic connections are 
shown in Figure 6. The additional con- 
tacts which have been added over and 
above those shown in Figure 5 are the Z, 
Zs, T2, and T; contacts which will be recog- 
nized as being connected in the conven- 
tional manner for one of the present stand- 
ard distance-type carrier systems.4 No 
attempt is made here to describe the func- 
tion of these contacts, as this has been 
done previously. The significant addi- 
tional contacts are FD,, FD,, and FD,. 
These are purely precautionary contacts 
which have been added in parallel with 
the back-contact phase-selector contacts, 
S4, Sg, and So, respectively, for the pur- 
pose of preventing incorrect action caused 
by errors in the current transformers. It 
will be noted that on phase-to-phase faults 
not involving ground there is no zero- 
sequence current present. Therefore, no 
torque appears in the phase-selector ele- 
ments, and thus the back contacts, Sy, 
Sz, and Sg, should remain closed. How- 
ever, due to errors in the current trans- 
formers a small current might appear in 
the zero-sequence coils of the phase-selec- 
tor relay. The back contact may, there- 
fore, be inadvertently opened, and this 
would, of course, prevent tripping by the 
proper phase relay. The FD contacts are 
back contacts on an auxiliary fault-de- 
tector relay energized by the zero-se- 
quence current and set for a current suffi- 
ciently above any anticipated error cur- 
rent in the current transformer. If, there- 
fore, any of the back contacts, S4, Sz, and 
So, are momentarily opened by the cur- 
rent-transformer error current, the circuit 
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Figure 7. Simplified schematic diagram of 


reclosing circuits 
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Table I. 


Results of 132-Kv Breaker Tests 


Public Service Se of ge March 16, 1941 


New Castle 


Lenore 
Kva Breaker Breaker Kva Breaker Breaker 
(Equiv. Interrupting Reclosing (Equiv. Interrupting Reclosing 
Test Fault 3-Phase) Time (Cy.)* Time (Cy.) 3-Phase) Time (Cy.)* Time (Cy.) 
Laie. ClGri (arc) aeeete sie $10;000..... yO) epeacicice PPA MIG Eat 190,000..... BiaBAcenas sve ters 8.75 
Danek C-Gr; (solid)....... 300,000..... Bey (Cee eaind DAD aaeisie TOOOOOR seo On (Onto) tare. 29 
Bite wes (HOR (ER oth bo de Gate ond Aamnceewc DooddoMbon es couldn 180,000..... (Va Gace oe 
4 gs C-Gr. (solid)....... SOLOOO Rasta ALBEE S) ie cise. PPT Ene te 415,000..... 652) (4:25). eve 29 
Giseiarctis B-C-Gr (solid)..... 170} 000s 42 Dinter stattusraletcisisneces toupee 380,000..... 6 
Gakererere B-C-Gr (solid)..... 70,000..... BSTB Sevitete eaetrto ereust etetieuans 230,000..... 6.3 
CM aae B=G(Solud) aetesranrels 300,000..... B.D Ae cuers ete ese svetenn sit ace 290,000..... 8.25 
TSS Sica A-Gr (arc) saris in 240,000..... Oe Ousiveevenaes PACD! Nigerians 190,000..... O50" ssa pee 6 29.9 
& Wy fewesrera A-Gri(are) 5s ces e's 260/000. SLO) eee 249 ee iss 190,000..... BAT ceteretbietars ts 30 


* Interrupting times given in parentheses are for second opening where breaker did not stay in after re- 


closure. 


is still maintained through the fault-de- 
tector contact. On any fault involving 
ground, the fault-detector contacts open 
and leave the blocking function entirely 
up to the phase-selector back contacts. 

In the Indianapolis installation a condi- 
tion obtains which requires the addition of 
a blocking contact, X38. In this case the 
ground relay at both ends of the line was 
polarized by power-transformer bank neu- 
tral current and while one phase wire is 
disconnected, a zero-sequence current cir- 
culates in such a manner as to give the 
directional element, D,, at each end of the 
line a fault indication. In other words, 
while one phase wire is open, the direc- 
tional elements at both ends close, thus 
preventing a carrier signal from being 
transmitted, and this, of course, results in 
a tripping indication during the time one 
phase wire is disconnected. In order to 
prevent the immediate retripping of the 
breaker upon reclosure, the X38 contact 
was inserted. The X8 relay is energized 
at the same time that the trip current is 
established in the ground relay through 
the operation of the CS auxiliary relay 
whose contact energizes the X8 relay coil. 
The X38 relay picks up and opens its back 
contact with a time delay of about two 
cycles and resets with a time delay such 
that its back contacts become closed again 
a few cycles after the breaker pole has been 
reclosed. The choice of this X3 blocking 
contact was demanded by the fact that the 
ground-relay directional element was cur- 
rent-polarized and by the particular load 
and grounding conditions on this system. 
In the general case and also where voltage 
polarization is used, this contact would 
not be required. 


The Reclosing Relays 


The problems concerning the reclosing 
relays introduced by single-pole operation 
are simple of solution. The reclosing re- 
lays used on the Indiana installation were 
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of the conventional type, and nothing of a 
particularly novel nature was required. 
Therefore, for the sake of simplicity, these 
reclosing relays have been grouped in the 
box of Figure 7, Each breaker-closing 
coil is energized through the make contact 
of auxiliary switches, CS,, CS,, and CS,, 
which are operated whenever tripping oc- 
curs through the phase-selector contacts, 
Sq, Sp, and S, If phase-A conductor is 
faulted, the CS, contact will close and 
energize the phase-A-breaker closing coil. 
The MC back contacts are on the MC re- 
lay (Figure 5), which is operated when- 
ever a phase relay initiates tripping. 
Thus, on any phase fault the opening of 
the MC contacts prevents the energiza- 
tion of any of closing coils. To accom- 
plish the feature of three-pole tripping 
after reclosure of a single pole on a solid 
fault merely requires the addition of aux- 
iliary relays to the conventional reclosing 
relays and is not shown, since nothing 
novel is involved. 


The Breakers 


The fault having been detected and 
identified as one requiring a single-pole 
breaker operation, the next step in main- 
taining system stability is handled by 
breakers differing only slightly from the 
conventional type. 

At the New Castle station of the In- 
diana Public Service Company a new 
breaker has been installed, each pole inde- 
pendently operated for either closing or 
tripping and so arranged that upon de- 
mand it will reclose within 30 cycles (0.50 
second) after the trip coil has been ener- 
gized. The operating mechanism is a 
solenoid, a unique feature of which is its 
“magnetic brain.” 

For fast reclosure it is desirable that the 
solenoid be nonmechanically trip-free; 
that is, that energy applied to the closing 
coil will arrest the opening movement of 
the breaker and return it to the closed 
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position without the delay necessary with 
a trip-free linkage. The latter, of course, 
requires that the mechanical tie between 
two levers is broken by the action of the 
tripping latch and must be restored, as by 
retrieving springs, before the closing core 
can again be used to close the breaker. 
This means that the breaker opens prac- 
tically its entire stroke, and the over-all 
time consumed becomes excessive. At the 
same time, there are circumstances under 
which trip-free operation is desirable, as 
when the breaker is to be tripped while 
still under the influence of pull of the clos- 
ing magnet. It is here that this magnetic 
interlock performs, and with only one 
trip magnet, makes a choice between two 
latches, one of which opens the breaker 
“nontrip-free’”’ for fast reclosure from the 
closed position, while the other provides 
“trip-free’ operation in case the closing 
coil is still energized. 

The operation of this magnetic inter- 
lock centers about a floating bar above 
the trip magnet, either end of which can 
be blocked to form a fulcrum point and 
cause the opposite end to rise when the 
trip coil is energized, thus providing for 
proper selection between the two latches. 
The choice of a proper point for blocking 
this bar is determined by an armature 
piece located within the field of flux of the 
closing magnet, but biased by springs to 
such a position that it releases the ‘“‘non- 
trip-free’”’ latch normally. Only when 
there is some magnetism in the closing 
coil, is it pulled to the opposite position 
to permit tripping on the ‘‘trip-free” 
latch. 

The electrical connections for this oper- 
ating mechanism remain as simple as for 
any of the solenoids in use for many years, 
as there is only one trip coil. The usual 
number of auxiliary switches is provided, 
or this can be amplified as desired if added 
circuits for other relays are needed. 

The entire operating mechanism with 
control relays is mounted in a weather- 
proof sheet steel housing and attached to 
the tank wall, one such assembly for each 
pole of the three-pole breaker. Within 
this housing are also mounted the ter- 
minal blocks for bushing-type current- 
transformer secondaries. It is possible 
to make connections to any of the several 
transformer taps as required, at this one 
convenient location, and all conduit to the 
breaker is brought into the one house, 
whether intended for transformer second- 
aries or for control. 

The scheme of single-pole operation has 
been worked out for revamping old three- 
pole breakers as well as for new apparatus. 
The experience at the Lenore end of this 
line demonstrates that the operation can 
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HE first application of high-speed 
single-pole reclosing to a high-volt- 
ge transmission line was recently made, 
ested, and put in service, on a 50-mile 
section of 138-kv single-circuit line on the 
ystem of the Public Service Company 
f Indiana, Inc. This paper discusses 
the reasons for choosing single-pole re- 
closing, and the installation and field test- 
ing of the equipment made under operat- 
ing conditions. A companion paper by 
$. L. Goldsborough and A. W. Hill! de- 
scribes the relaying and circuit-breaker 
equipment in detail. 

When a single-circuit transmission 
line is used to interconnect two major 
systems and the line is used to transmit 
firm power between systems, considerable 
dependence must be put on the perform- 
ance of this line. Under such circum- 
stances unusual precautions are justified: 


1. To prevent faults occurring on the line. 


2. To minimize the disturbances created 
by faults. 


The first objective is approached by using 
good line construction, by designing the 
line to be as nearly lightning proof as is 
economically possible, sometimes by the 
use of protector tubes, or possibly by the 
use of ground-fault neutralizers to pre- 
vent line-to-ground arcs from develop- 
ing into faults. 

It is not economical to design lines so 
that faults will never occur, although this 
ideal may be approached. Granted that 
a certain number of faults will occur, it is 
important to minimize their effect on the 
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interconnected system. The objective 
when a fault develops is to remove the 
fault and re-establish the circuit without 
losing synchronism between the systems, 
so that there is no interruption in service 
over the interconnecting line. 

Since the concepts of power-system 
stability were first recognized and the 
various factors influencing stability stud- 
ied, means have been sought to improve 
the performance of power systems during 
transient disturbances.? A multiplicity 
of measures are now recognized, most of 
them directed toward minimizing the 
severity of the fault. During earlier 


years attention was particularly focused 


on improvements in stability limits ob- 
tained by design characteristics of ma- 
chines and transformers, bussing ar- 
rangements, location of intermediate 
switching points, and the design of the 
transmission line itself. In the last dec- 
ade high speeds for relay and circuit- 
breaker operation have become practical 
and extensively applied. High-speed ap- 
paratus, minimizing the duration of 
transmission-line disturbances, has been 
a major factor in improving system per- 
formance 

The use of reclosing circuit breakers 
provides a means for furthering the ad- 
vantages made possible by high-speed 
breakers and relays used for rapid fault 
isolation. The fundamental idea of re- 
closing circuit breakers was conceived 
by F. E. Picketts and filed with the 
United States Patent Office in 1916. Re- 
closing is particularly advantageous in 


the case of single-circuit transmission 
lines, for, while high-speed apparatus 
serves to remove the fault in the quickest 
possible time, loss of synchronism be- 
tween the sending and receiving systems 
will quickly result if the line remains 
open. If loss of synchronism is not to_ 
occur, not only must the fault be cleared 
promptly, but the line must be restored 
to service after the fault is removed be- 
fore the two systems have drifted far 
enough apart to cause instability. 
High-speed reclosing has been used suc- 
cessfully, recently with simultaneous 
tripping and reclosing of the three- 
breaker poles.5-® This type of operation 
is known as gang-operated or three-pole 
reclosing. For a given time of reclosure 
the maximum power which may be trans- 
mitted without loss of synchronism de- 
pends on the relative inertias of the two 
systems (which determines the speed at 
which the systems drift apart when a 
particular fault is on, or when the line is 
open) and the initial operating angle be- 
tween the systems. The latter is pri- 
marily a function of system reactance 
and transmitted power. 

The time that the line can remain 
open without loss of stability is in most 
Paper 42-24, recommended by the AIEE com- 
mittees on power transmission and distribution and 
protective devices, for presentation at the AIEE 
winter convention, New York, N. Y., January 26- 
30, 1942. Manuscript submitted November 13, 


1941; made available for printing December 9, 
1941. 


J. J. TRatnor is chief engineer with the Public 
Service Company of Indiana, Inc., Indianapolis, 
Ind. J. E. Hosson is director of the department of 
electrical engineering of Illinois Institute of Tech- 
nology, Chicago, Ill. H. N. Mutver, Jr., is a 
central station engineer in the industry engineering 
department of Westinghouse Electric and Manu- 
facturing Company, East Pittsburgh, Pa. 


The authors acknowledge the fundamental work 
done by E. L. Harder on transient power limits ob- 
tained by the use of single-pole reclosing, the work 
done by S, B. Griscom on arc deionization time, and 
the work of H. M. Smith, Jr., in performing the 
calculations necessary to the preparation of the 
paper. 


be practically as fast even with fifteen 
year old breakers. In this case the con- 
tact structure of the old breaker was mod- 
ernized with ‘‘De-ion Grids” to get the 
benefit of modern high-speed interrupters 
and, particularly, to have a device well 
able to withstand instantaneous reclosure. 

The results of the recent tests on the 
Indiana Public Service system show the 
benefits of single-pole reclosure. Breaker 
reclosing times of from 22.5 to 30 cycles 
were secured. 


Conclusions 


1. The fundamental relay problem in- 
troduced by single-pole tripping and re- 
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closing concerns an adequate sensitive 
means of selecting the faulty phase. This 
problem has been solved by utilizing the 
phase-angle shift between two sets of 
phase-sequence quantities. 

2. An actual installation of a phase- 
selector relay co-ordinated with a distance- 
type carrier scheme has been made and 
tested with very satisfactory results. 

3. It was observed that the breakers 
showed no outward display during any of 
the tests, indicating the suitability of 
the combination of modern ‘‘De-ion Grid” 
interrupters and fast-reclosing solenoid 
mechanisms for this duty. Adequate con- 
tact travel was secured before the breaker 
was reclosed, thus providing ample time 
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for the fault arc to become de-energized, 
without crowding these operations to the 
limit as would be required for maintaining 
stability when opening all three poles. 
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35 RECLOSING AND 
GANG-OPERATED BREAKER 


cases very short, thus high speeds of 
circuit-breaker reclosing are dictated. 
The reclosing time is measured from the 
time the breaker trip coil is energized 
until the breaker has opened, and the 
contacts are again closed. Commercial 
breakers are available today with reclos- 
ing times of 35 and 20 cycles at 138 kv on 
a 60-cycle per-second basis, and several 
installations employing breakers using 
such reclosing speeds are in service. 
The limit to which the reclosing time 
may be shortened depends upon breaker 
opening time and the speed attainable 
with reclosing mechanisms. One other 
factor, the actual deionizing time of the 
arc is of primary importance, since noth- 
ing will be gained if the circuit breaker is 
reclosed before the arc path has de- 
ionized, for the fault would then restrike 
after reclosure. Table I gives approxi- 
mate data (obtained from tests on typical 
systems) of the minimum reclosing time 
permissible without re-establishment of 
the arc. These deionizing times are of 
course variable, depending upon line 
design, wind conditions, and so on, and 
the figures of Table I are to be taken as 
typical of expected results under average 
conditions. 

The foregoing discussion has assumed 
simultaneous tripping and reclosing of 
all three circuit-breaker poles which will 
be referred to in this paper as gang- 
operated or three-pole reclosing. In all 
discussions of high-speed reclosing per- 
taining to line sections having sources of 
power at both ends, simultaneous opera- 
tion of the circuit breakers at both ends 
of the transmission line is assumed, since, 
otherwise, the de-energized time of the 
line would be shortened, and the possi- 
bility of restriking would be increased. 
Simultaneous tripping is accomplished 
by pilot-wire or carrier-current relaying 
or, when possible, by setting high-speed 
impedance-type relays to cover the en- 
tire line section. 

Utilizing high-speed relays and gang- 
operated breakers and the high speeds of 
reclosure mentioned above, cases will 
arise in which the desired power cannot 
be transmitted without loss of stability 
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Figure 1. Comparison of transient power 
limits on a hypothetical system using gang- 
operated and single-pole 8-cycle breakers 
for reclosing speeds of 35 and 20 cycles 


(a) Sending-end power-angle curve be- 
fore fault occurs 
(b) Sending-end power-angle curve during 
single line-to-ground fault 
(c) Sending-end power-angle curve with 
one phase switched out of service 


during fault conditions. A step toward 
raising the transient power limits, be- 
yond three-pole reclosing, may be 
achieved by single-pole reclosing of circuit 
breakers. Single-pole reclosing consists 
of opening only the breaker pole con- 
nected with the faulty phase and reclos- 
ing this pole after the fault has cleared. 
Single-pole reclosing has application only 
to grounded-neutral systems. An in- 
crease in the transient stability limit is 
realized as compared with gang opera- 
tion, since a considerable amount of 
power may be transmitted over the sound 
phases while the faulty phase is isolated. 
For a given amount of power transmitted 
over a particular transmission line, the 
permissible de-energized time to main- 
tain synchronism is appreciably longer, 
if single-pole reclosing is used as com- 
pared with three-pole operation. Hence, 
in very high-voltage systems where speeds 
too fast for adequate arc clearing might 
be required with gang operation, slower 
speeds, providing ample time for arc 
clearing may maintain stability condi- 
tions if single-pole reclosing is used. 

The actual gain in transient-stability 
limit realized with single-pole operation 


Table I. Typical Arc Deionizing Times 


Deionizing Minimum Minimum 


Time for Permissible Permissible 
Nominal 95% of Faults Reclosing Reclosing 
System (Cycles on Time With Time With 
Voltage 60-Cycle Ejight-Cycle Five-Cycle 
(Ky) Basis) Breakers Breakers 
Pe adret ng OWN ereteuane 12) eee 9 
46 secre OM oeeee Gao Tovar erie 10 
GO eyeronerets Omer eres La cere ates 11 
UDG syetersts ie 8.5.20 eine 1G Bites tree ere 13.5 
WSS cetericiers LO Owes ae sles 1S cite cee 15 
LGU otter IB" raese e 21 See 18 
WOU sreretetiers LSieiae causes 26 wee ee 23 
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can be visualized by reference to Figure 1. 
This figure shows power-angle diagrams 
for a typical system, illustrating the rela- 
tive transient-stability limits obtained 
with 35- and 20-cycle, three-pole and 
single-pole reclosing. The curves were 
drawn for a hypothetical single-machine 
station feeding a high-voltage line termi- 
nating ina very large system, assumed to 
have infinite inertia. The curves serve 
to illustrate qualitatively the expected 
increase in transient limits and the rela- 
tively large amounts of power which can 
be transmitted over the unfaulted phases 
while one phase is open. 


Application 


The principal transmission lines of the 
Public Service Company of Indiana, Inc., 
including the major interconnections 
with neighboring companies, are shown 
on the map of Figure 2. The principal 
generating stations of the Public Service 
Company of Indiana, Inc., are at Dresser 
and at Edwardsport. Considerable gen- 
erating capacity is available at Indian- 
apolis, through the interconnection with 
the Indianapolis Power and Light Com- 
pany, and from the south through inter- 
connection with the Cincinnati Gas and 
Electric Company. Interconnection is 
made at Muncie and Kokomo with the 
Indiana section of the American Gas and 
Electric system. 

Figure 3 shows in greater detail the 
Lenore—Newcastle—Muncie interconnec- 
tion installed during the past year which 
is the principal subject of this discussion. 
Approximate generating capacity at the 
major points of application to the inter- 
connected system is indicated on Figure 
3. The Indiana section of the American 
Gas and Electric system is extensive and 
includes a multiplicity of sources of 
generation, so that the generation at 
Muncie has not been assigned a definite 
capacity. f 

The Lenore—Newcastle line, a part of 
the new interconnection, was also built 
to supply firm power to the load at New- 
castle, the required capacity of the line to 
be at least 50,000 kva. The Newcastle— 


ELECTRICAL ENGINEERING 


cuicaco * MICHIGAN (220-2 
AREA = SSeS a 
,] 
' 


Figure 2. Major high-voltage 

interconnected lines of the 

Public Service Company of 

Indiana, Inc. and neighboring 
systems 


‘STA 
june Met \ 


PLYMOUTH} aN Ke 
UW 


y; FORT WAYNE SR 


Pl a Py 


| 

| 

| ’ 
eas WABASH 
' 

| 


HUNTIN Ss 
STON,“ ATO SOUTHEAST 
ov INTERCONNECTED 
| GROUP 
er 4 
O LAFAYETTE = {MARION ' 
> f \ | OHIO 
COV MUNCIE 
at NN 
“4 Wee ne 
eo enclhen 


KENTUCKY 


— LEGEND — 
= PSC. 66-KV TRANS LINE 
m= = FOREIGN 66-KV TRANS LINE 
= ae ae TRANS LINE 
== FOR (32-KV TRANS LINE 
rams P.S.C.I. |32-KV TRANS LINE-UNDER CONSTRUCTION 


OPS.C.l. GENERATING STATION 
@FOREIGN GENERATING STATION 
— PS.C.1. 33-KV TRANS LINE 


=> P.S.C.l. 132-KV TRANS LINE -PROPOSED 


Muncie line was proposed to provide an 
interconnection, ordinarily floating, be- 
tween the Public Service Company of 
Indiana, Inc., and the American Gas and 
Electric system. Under emergency con- 
ditions interchange of power in either di- 
rection is permitted. The Lenore— 
Newcastle line and the Newcastle— 
Muncie line are now single-circuit lines. 
The Lenore—Newcastle line is ultimately 
planned to be double circuit, as indicated 
by the tower structure shown in the 
photograph of Figure 4. The line is de- 
signed to have nine insulator units used 
in suspension and eleven insulator units 
used in strain. The single ground wire 
now installed on this structure is three- 
strand, °/s-inch galvanized steel conduc- 
tor. The line conductors are 300,000 
circular-mil copper. The line route is 
east and west over relatively flat terrain, 
and the tower-footing resistances test 
well under five ohms. 

Other circuits parallel the new line 
from Indianapolis to Muncie, as shown 
in Figure 2. The existing ties are, how- 
ever, relatively weak and of high im- 
pedance. If an interruption should oc- 
cur on the Lenore-Newcastle line while an 
appreciable block of load were being 
transmitted over the line to Newcastle, 
the paralleling ties through Noblesville, 
Kokomo, and Marion would not be able 
to pick up the load, because of their high 
impedance, and instability would occur. 
Consequently, it is of prime importance 
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to keep the Lenore—-Newcastle line in con- 
tinuous operation. Although the line is 
designed to be relatively lightning-proof, 
some interruptions of the Newcastle 
supply would inevitably result unless 
means were taken to re-establish the line 
immediately following an interruption, 
and before instability could occur. Con- 
sequently, high-speed reclosing was con- 
sidered necessary to keep interruptions 
to the Newcastle load at an absolute 

The 138-kv line from Newcastle to 
Muncie is provided with 20-cycle reclos- 
ing circuit breakers, 1,500,000-kva inter- 
rupting capacity, at each end of the line 
section. Conventional carrier-current re- 
laying is used for both ground and phase 
relaying. The circuit breakers are con- 
ventional eight-cycle breakers and are 
equipped with gang-operated mechanisms. 

Both gang-operated (three-pole)  re- 
closing and single-pole reclosing were con- 
sidered for the line from Lenore to New- 
castle. Speeds of reclosing of 35 cycles 
and 20 cycles were considered. Table 
II gives the results of calculations made 
to determine the transient power limits 
for both speeds of reclosure considered 
and for both gang-operated and single- 
pole reclosing. Simultaneous tripping 
(and reclosing) of two circuit-breaker 
poles was assumed in the calculations for 
faults involving two-line conductors. 
With the type of construction used, a 
very high percentage of the faults will 
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originate and persist as single line-to- 
ground, Primary consideration was con- 
sequently given to the transient power 
limits achieved during single line-to- 
ground fault conditions. Breakers and 
mechanisms for 35-cycle single-pole re- 
closing can be obtained at approximately 
the same price as breakers and mecha- 
nisms for 20-cycle gang-operated re- 
closing. The figures of Table II show 
considerably higher transient power limits 
during single line-to-ground faults for 35- 
cycle single-pole reclosing than the limits 
achieved using 20-cycle gang-operated 
reclosing. The power limits for 20-cycle 
single-pole reclosing are yet higher, but 
it was felt that the gain in power limits 
on this application did not justify the 
considerable increase in cost for higher- 
speed breakers and mechanisms. On the 
basis of this comparison, 35-cycle single- 
pole reclosing was adopted for the line 
section. 

Existing 138-kv breakers at the Lenore 
end of the line were provided with 35- 
cycle single-pole reclosing mechanisms. 
A new breaker was installed at the New- 
castle end of the line—a 138-kv, 8-cycle 
1.5-million-kva unit, equipped with a 35- 
cycle reclosing mechanism on each pole. 
Carrier-current relaying is used to per- 
mit simultaneous operation of the 
breakers at the two ends of the line. The 
phase relaying is of conventional type, 
and it was necessary to develop a new 
ground-relaying scheme to select the 
faulted phase. The scheme for selecting 
the faulted phase is described in a com- 
panion paper by S. L. Goldsborough and 
A. W. Hill. The equipment is designed 
to operate as follows: 


For single line-to-ground faults the breaker 
pole connected to the faulted phase at each 


Table Il. Calculated Transient Power Limits, 

for Single-Pole and Three-Pole Reclosing, at 

20 and 35 Cycles, Using 8-Cycle Breakers 
With Carrier-Current Relaying 


Breaker Comparative 
Operation Transient 
Power 
Re- Limits 
clos- 

Type of ing Type of Mega- Per 
Item Fault Time Reclosing watts Cent® 
1 35 74.5 100 
i Single line- ‘ 0 | Cans iets { 95.8 129 
3 to-ground )35 105.9 142 
4 0 | Single- “pple: lite 8 157 
5 35 Leh 100 
st Double line- ies HOP OE { 91.1 128 
7 to-ground 81.3 114 
8 o | Single- pokey { 97.3 137 
9 3 70.4 100 
ia Three phase {85} Gang oid Biakead { 90.1 128 


*Transient power limit obtained with 35-cycle, 
gang-operated breakers taken as 100 per cent for 
each type of fault. 
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end of the line is tripped and reclosed. If 
the fault persists after reclosure, all breaker 
poles are tripped and locked out. All 
breaker poles are tripped and locked out for 
all faults involving more than one conductor. 


On most future installations of single- 
pole reclosing it is expected that two poles 
will be tripped and reclosed for two-phase 
faults, and three poles tripped and re- 
closed for three-phase faults, but such 
operation is not necessary on the Le- 
nore—Newcastle installation at the pres- 
ent time. 

Figure 5 is a photograph of the new 
138-kv breakers at the Newcastle sub- 
station equipped for single-pole reclosing. 


Tests 


’ Extensive field tests were made on the 
system of the Public Service Company 
of Indiana, Inc., on March 16, 1941 and 
were primarily intended to check the 
functioning of the relays and reclosing 
equipment. Two oscillographs were sta- 
tioned at Lenore to record simultaneously 
the following quantities: 


Phase currents in the Newcastle line. 
Residual current in the Newcastle line. 
Carrier signals at Lenore. 

Lenore 138-kv bus voltages. 


Phase C voltage on the line side of the New- 
castle line breaker at Lenore. 


Phase C current in the Dresser line. 


Phase C current in the Indianapolis Power 
and Light Company line. 


Phase C current in the Lenore condenser. 
Phase C current in the Columbia line. 


Residual current in the Lenore transformer 
neutrals. 


Travel for the reclosing breakers. 
Trip coil currents for the reclosing breakers, 


INDIANAPOLIS P.&L.CO. 
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Figure 3. 
system showing Lenore-New Castle and New 
Castle—Muncie lines 


Fl 50.3 MILES 


SINGLE-POLE RECLOSING 
BREAKERS~—35 CYCLE 


Two oscillographs were stationed at 
Newcastle to record the following: 


Phase currents in the Lenore line. 

Residual current in the Lenore line. 
Residual current in the Muncie line. 
Residual current in the Newcastle trans- 
former neutral. 

Carrier signals at Newcastle. 

Phase C voltage on the line side of the Le- 
nore breaker. 

Travel of the reclosing breakers in the 
Lenore line. 

Trip coil currents of the Lenore and Muncie 
line breakers. 


Additional oscillographic records were 
obtained by the American Gas and Elec- 
tric Service Corporation at Muncie. 

Faults were applied to the system at the 
points marked as Mi, Fo, Fs, and Fy in 
Figure 3. The fault locations and types 
of faults were selected to provide a com- 
prehensive test for the relays, reclosing 
mechanisms, and breakers associated with 
the Lenore-Newcastle line. Since it was 
necessary to run the staged tests on a 
Sunday, during system light-load condi- 
tions, the tests could not indicate directly 
the ultimate transient-power limits which 
can be achieved. Indirectly, however, 
the records should provide a very good 
indication of stability conditions by show- 
ing the disturbance to the system ini- 
tiated by the fault. 

The complete test schedule is outlined 
in Table III. Arcing faults were ini- 
tiated by closing a circuit breaker which 
connected a line conductor to ground 
through a fine wire suspended across an 
insulator string. The arc resulting when 
the switch was closed is shown in Figure 
6. Solid faults were also initiated by the 
closing of a breaker. 


Simplified diagram of interconnected 
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Test Results 


The tests were entirely successful, the 
single-pole reclosing relays and breakers 
operating satisfactorily in all tests. Typi- 
cal of the performance recorded for all 
tests, the Newcastle breaker in tests 1 and 
2 interrupted 1,300 amperes in six cycles 
after initiation of the fault and four cycles 
after energization of the trip coil. The 
line remained de-energized 19 cycles be- 


fore reclosure, giving a reclosing time of 23 


cycles. The breaker remained closed on 
the arcing fault of test 1 but tripped a 
second time and locked out on the solid 
fault of test 2. The reclosing times for the 
Lenore breakers were somewhat longer, 
averaging about 29 cycles, but still well 
under the nominal 35 cycles. A typical 
oscillogram is given in Figure 7, which is 
one of the oscillograms taken during test 
12 of Table III. The total reclosing time 
of the Newcastle breaker is shown to be 
approximately 25!/2 cycles. The breaker 
interrupted the fault in 51/2 cycles after 
fault inception and 31/2 cycles after trip- 
coil energization. Trace number 9 shows 
a flow of residual current for 31 cycles, 
indicative of the reclosing time at Lenore. 
The times to arc extinction and reclosure 
were remarkably consistent on all tests. 
It is of interest that in test 3 the three-pole 
20-cycle reclosing breaker at the New- 
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Figure 4. Tower construction and conductor 
arrangement of Lenore—New Castle 132-ky 
line 
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Figure 7. Typical oscillogram showing single-pole reclosing-breaker 
operation for a phase-A-to-ground arcing fault 


A-phase bus potential 
A-phase line current 

A-phase breaker trip current 
A-phase breaker travel 
B-phase bus potential 

B-phase line current 

B-phase breaker trip current 
B-phase breaker travel 

Lenore line residual current 


Figure 5. Close-up of 132-kv single-pole period that the faulted phase was de-ener- 
reclosing breakers at New Castle substation gized, was so small that it could not be 
accurately scaled from the oscillograms 
castle end of the Newcastle-Muncie line but was well under 50 amperes. 
reclosed on the arcing fault on the Muncie 
line in approximately 17 cycles (because General Discussion 
of adjustment for faster reclosing speed 
than necessary) and the arc restruck. The field tests demonstrated that the re- 
This performance may indicate that times laying scheme developed to select the speeds of operation were chosen for the 
of reclosing less than 20 cycles cannot be _ faulted phase, trip the breaker pole con- — cajculations: 4-cycle fault clearing with 
used on 138-ky systems. nected to the faulted phase, and reclose 20-cycle reclosing (the solid curves), and 
The disturbance to the remainder of the _ the breaker, functioned properly for both —g cycle fault clearing with 35-cycle re- 
system on all tests was negligible. Ontest arcing and solid faults. The scheme also ¢Josing (the dotted curves). Length of 
12 the total Newcastle load, 40,000 kw, operated properly for single-phase faults ine connecting the systems was varied to 
was supplied over the Lenore-Newcastle and for faults involving more than one show the effect of change in system 
line, with all paralleling tiesopen. Nodis- phase. The Lenore-Newcastle line has “through” reactance. Similar curves cal- 
turbance was noted at Newcastle or other not had an automatic-breaker operation, culated for a 250,000-kva steam turbine- 
points on the system and the oscillograms other than during the test program, since _ generator station feeding into an infinite 
revealed that very little swinging of the the line was put in service even though a —_ system over a 138-kv line are given in 
Newcastle condensers and otherconnected rather severe lightning season has been Figure 9. Itis not strictly correct to com- 
machines occurred. During this test ap- experienced, and neighboring lines in the _ pare curves a and c in these figures, for 
proximately 500 amperes residual current same territory have suffered severalinter- example, to show the improvement in 
appeared at the inception of the faultin ruptions. The past year’s experience in- _ power limits obtained by using single-pole 
the Newcastle line at Lenore. When the dicates the adequacy of the line design to rather than three-pole reclosing, since 
faulted phase was opened, beforereclosure, | minimize the occurrence of faults caused curves a assume a single line-to-ground 
the residual current in the line at Lenore __ by lightning. fault and curves c assume a three-phase 
decreased to 85 amperes. The residual Calculations indicate that single-pole fault. The error in direct comparison lies 
current in the Muncie line, during the reclosing results in considerably higher only in the fault severity before the fault 
transient power limits than can be is cleared, a factor largely concealed by 
achieved with three-pole reclosing, if due the number of phases opened before re- 
consideration is given to the high percent- _ closure and the time of de-energization of 
age of single line-to-ground faults, therel- _ the line. 
atively small percentage of faults involv- In the above paragraphs the principle 
ing two-phase conductors, and the very _ of single-pole reclosing has been described 
small percentage of three-phase faults oc- and its advantages with respect to tran- 
curring on a well-designed transmission sient stability pointed out. Other advan- 
line equipped with apparatus to provide tages accrue from its use, but single-pole 
high-speed clearing of faults. The curves reclosing must not be considered asa pana- 
of Figure 8, calculated foran assumed sys- cea for all transmission-line problems. 
tem consisting of a 50,000-kva water- Other methods of improving transmission- 
wheel generator feeding into an infinite line operation with respect to transient 
system (compared to the 50,000-kva sta- _ stability limits and service continuity are 
tion) over a single 138-kv line, illustrate available, and the choice of apparatus or 
the relative transient-power limits at- method will be a function of several vari- 
tained with single-pole reclosing for single ables in each individual case. 
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line-to-ground faults (curves a), double The use of ground wires to prevent 
Figure 6. Arcing fault initiated by connecting line-to-ground faults (curves b),andthree- _ transmission-line outage has widespread 
: fine wire from line to ground phase faults (curves c). Two assumed acceptance. It is not economical to de- 
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Figure 8. Comparison of transient stability 

limits with 35- and 20-cycle single-pole re- 

closing for a 50,000-kva water-wheel genera- 

tor feeding an infinite system over a 138-kv 
line 


90-cycle single-pole reclosing 
—--- 35-cycle single-pole reclosing 
(a) Single line-to-ground fault 
(b) Double line-to-ground fault 
(c) Three-phase fault 


sign lines to completely eliminate fault 
occurrence, although in the higher-voltage 
classes, this ideal may be approached. If 
a line is being operated near its stability 
limit, or if the few faults occurring on a 
well-designed line are objectionable from 
the standpoint of service continuity, high- 
speed reclosing, either gang or single pole 
operated, may be used to advantage. It 
is expected that single-pole reclosing will 
find considerable application on existing 
transmission lines, even those lines de- 
signed to be relatively lightning proof, 
particularly as line loads increase and the 
present transient stability limit is ap- 
proached. On new lines, the economic 
choice between high-speed reclosing and 
other means for improving performance 
will depend upon line length, soil condi- 
tions, stability considerations, line costs, 
and so on. 

Single-pole reclosing can be compared 
to the result achieved with the ground- 
fault neutralizer in that its salient advan- 
tage applies for single line-to-ground faults. 
On well-designed high-voltage transmis- 
sion lines a large percentage of all faults 
are single line-to-ground in nature, and 
practically all faults originate as single 
line-to-ground. Single-pole operation to 
clear single line-to-ground faults will, in 
most cases, include two-pole operation for 
double line-to-ground faults and gang- 
operated reclosing for phase-to-phase 
faults. This extension leaves one pole at 
each end of the line connected during the 
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Table Ill. Schedule of Single-Pole Reclosing 
Tests, Public Service Company of Indiana 
March 16, 1941 


Fault 
Test Loca- Type System 
No. Time tion* of Fault Conditions 
Normal 
megawatts, 
Phase C to Lenore to 
1.08201 asm...is ground-arc- Newenstlas 
3 Muncie 
line closed 
Phase C to 
2.. 8:57 a.m.. Pe} groun t -- Normal 
solid 
Phase C to 
3.. 9:40 a.m.. Pa} ground-y.. Normal 
arcing 
tI.P. and L. 
Phase C to open, 
4.1128 am... F4 ground Muncie- 
solid Newcastle 
open 
f1.P. and L. 
Phase C to open, Co- 
5..11:43 a.m,..F, 7 ground lumbia 
solid open at 
Columbia 
Phases B and 
6..12:20 p.m... ra} C to ground- t{ bee nel 
solid 2 
Phases B and pet rie 
7..12:52 p.m... ra} Ctoground-{ AG & Rte 
Ss castle open 
aoe, Band 
Seedsslip meee Jie tied{.. Normal 
solidly 
Shae Band 
9.. 2:10p.m... F;: rjoc tiedt.. Normal 
solidly 
Phase C to 
10.. 2:35 p.m..- ra] ground- .. Normal 
solid 
All parallel- 
ing ties 
Phase A to open, 11 
Lies 8:16 p.m...Fr} ground: megawatts 
arcing from Le- 
nore to 
Newcastle 
All parallel- 
ing ties 
Phase A to open, 40 
12... 3:31 pm...fs} g round-| megawatts 
arcing from Le- 
nore to 
Newcastle 


*See Figure 3. 
findianapolis Power and Light Company. 


double line-to-ground fault to achieve 
some increase in transient stability limits. 
The installation described in this paper 
does not include individual pole operation 
for any faults other than single line-to- 
ground for reasons indicated above. 


Compared with ground-fault neutral- 
izers, single-pole reclosing clears ground 
faults without the necessity of operation 
with two-phase wires at full line-to-line 
voltage above ground, saves the cost of 
neutralizers, and permits the use of 
grounded-neutral transformers and light- 
ning arresters so that better lightning pro- 
tection of equipment connected to the 
transmission system is attained. During 
single line-to-ground faults, however, sin- 
gle-pole reclosing involves unbalances, and 
as much power cannot be transmitted dur- 
ing a line-to-ground fault condition as can 
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Figure 9. Comparison of transient stability 

limits with 35- and 20-cycle single-pole re- 

closing for a 250,000-kva turbine-generator 

station feeding an infinite system over a 138- 
kv line 


20-cycle single-pole reclosing 
——-—- 35-cycle single-pole reclosing 


(a) Single line-to-ground fault 
(b) Double line-to-ground fault 
(c) Three-phase fault 


be transmitted with neutralizers. During 
faults involving more than one phase, the 
reclosing provides a possibility of main- 
taining stability not enjoyed by the neu- 
tralizer system. Itis probable, in view of 
the above comparison, that single-pole re- 
closing will find preference over neutral- 
izers, particularly on major high-voltage, 
single-circuit, interconnecting lines. 

As a general comparison for a single- 
circuit line, the conventional system has 
zero-power transmitting ability through 
allfaults; the neutralizer system will have 
no outages for transient single line-to- 
ground faults (about 70 per cent of all 
faults), but will result in outages for all 
other faults; single-pole reclosing can be 
applied to have no outages for all self- 
clearing faults. The advantages of single- 
pole reclosing over three-pole reclosing are 
minimized if the transmitted power is 
kept low enough so that no outages occur 
for self-clearing three-phase faults, al- 
though there is still the advantage of less 
shock to the system during the more com- 
mon single-phase and two-phase fault 
conditions. The higher the probability of 
single line-to-ground fault occurrence, 
compared to multiphase faults, the greater 
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is the advantage of using single-pole re- 
closing. High-speed reclosing can be used, 
ither three-pole or single-pole, to prevent 
tages for all types of self-clearing faults, 
a very high percentage of all faults. 
In all applications of high-speed reclos- 
ing, the desired power limit, the prob- 
ability of fault occurrence, the probability 
of the type of fault, and the percentage of 
time during which the line is expected to 
operate at the maximum stability limit 
should be considered in determining the 
speed of reclosure and the type of reclos- 
ing (three-pole or single-pole) to be ap- 
plied. 

Although this discussion has been con- 
fined largely to the application of reclos- 
ing on single-circuit lines, it should not be 
inferred that reclosing (both three-pole 
and single-pole) does not have applica- 
tion to multicircuit systems. The use of 
reclosing on power lines can be considered 
as an alternative to the addition of parallel 
circuits to obtain a desired transient sta- 
bility limit. In many cases, this will re- 
sult in large savings of capital investment. 
Single-pole reclosing shows up to particu- 
lar advantage on multicircuit systems, 
for opening one conductor to clear a single 

_line-to-ground fault, in effect merely inserts 
a higher impedance in one phase. Ground 
relaying on lines paralleling the faulted 
line must be arranged not to trip on the 
ground current circulated during the 
interval when one or two phases are de- 
energized, although relays will usually not 
trip for this condition if they are adjusted 
not to trip during the fault. The ground 
current, while persisting for several cycles, 
will ustially be small—depending upon the 
load transferred over the lines, line imped- 
ances, and so on. 
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The two principal objections offered to 
the use of single-pole reclosing, namely, 
the possibility of telephone interference 
created by the flow of ground current dur- 
ing the period that one phase is de-ener- 
gized, and the possibility of false ground- 
relay operation in adjacent line sections 
caused by the circulation of ground cur- 
rent during the de-energized period, were 
not encountered in this installation. It is 
anticipated that neither factor will be 
objectionable in most contemplated in- 
stallations, since the ground current re- 
sulting from the open phase is small and 
persistsforonlyashorttime. Thedisturb- 
ance to other ground relaying on the sys- 
tem is quite small if good ground sources 
are available at both ends of the faulted 
section. 

The Dresser—Lafayette line shown in 
Figure 2 is now under construction, The 
breakers for this new line will be equipped 
for individual reclosing mechanisms, and 
relaying for single-pole tripping and re- 
closing will be added when the 132-kv bus 
is established at Lafayette. Another new 
132-kv line—to extend from Dresser south 
to Bedford, Indiana, and from there to 
Louisville, Kentucky—will be similarly 
equipped for single-pole reclosing. This 
line will constitute a major interconnec- 
tion between the Public Service Company 
of Indiana, Inc., and the Louisville Gas 
and Electric Company. 


Conclusions 


On high-voltage systems where most 
transmission-line faults are single line-to- 
ground in nature, single-pole reclosing pro- 
vides higher transient-power limits than 
gang-operated reclosing. This permits 
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the transmission of more power over given 
line sections, and permits slower speeds of 
reclosure on very high voltage systems 
where adequate time allowance for arc 
clearing becomes of importance. If the 
design of a particular line is such that a 
larger percentage of all faults will be 
double line-to-ground, the advantages of 
single-pole reclosing over gang-operated 
reclosing are not as pronounced. Single- 
pole reclosing will find application on 
multicircuit as well as single-circuit lines. 
Entirely satisfactory relay and breaker 
operation is indicated from comprehensive 
tests made in the field. 
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Evening Courses at Graduate Levels— 


a Challenge to Colleges of Engineering 


ROBIN BEACH 


FELLOW AIEE 


URING the past months with the 

hysteria of war about us and with the 
nation struggling to convert its peace- 
time activities into a gigantic war-time 
arsenal of fighting and defense imple- 
ments, the most urgent demands have 
been made for a trained personnel. The 
present dearth of technically trained 
workers and skilled artisans has been 
strongly felt in nearly every phase of this 
controversion of industry—ranging from 
the highest levels of engineering research 
and design, on through the vast varieties 
of supervisory positions in manufacture 
and inspection of materiel, and into the 
front line trenches of industry where plow- 
shares are being turned into proverbial 
swords. 

Suddenly, in the dismay of a nation 
awakened to its utter weakness in na- 
tional defense because of its years of dis- 
regard of preparedness, overnight efforts 
were launched to gear industries into 
high-speed production of war machines 
and their munitions, and to multiply 
national output many times beyond 
normal. Leaders of industry sought on 
every hand, among the millions of un- 
employed, the highly skilled and trained 
personnel by which to double and treble 
their plants and to multiply their manu- 
facturing operations. Obviously, and 
naturally, these leaders met with dis- 
appointments on every hand, as they soon 
found that the personnel which they 
sought, already trained, was not to be 
had. 


War Demands on 
Training and Education 


Then came the boom in education and 
training, ‘‘the gold rush,” if you please, 
to the classroom, the laboratory, the 
drafting and design training rooms. On 
every hand, in every nook and corner, 
national defense training courses sprang 
into being, some of which were fair, some 
indifferent, and some worthless. An at- 
tempt was here being made to do the 
impossible—to make up, in a few short 
weeks or months, for the neglects—the 
depreciations—in the discarded ranks of 
labor for the prior years of disuse of 
skilled hands and trained minds. 
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For the first time since the halcyon days 
of 1928 and 1929, the engineering stu- 
dents, soon to be graduated, were eagerly 
sought, with few questions asked as to 
their scholastic attainments. Loud lam- 
entations were heard because double and 
treble the number of graduates were not 
available. Proposals to shorten college 
curricula were urged in some quarters, 
and in other quarters even outstanding 
junior students were ill-advisedly enticed 
away from their engineering courses. 

During this extreme urgency of em- 
ploying all available engineering gradu- 
ates, the members of the day classes 
were, for the most part, the ones who were 
readily available. The prospective em- 
ployers found these well-prepared young 
men virtually in the ranks of the un- 
employed, or at least among the non- 
producers. In consequence, their number 
added tangible substance to the personnel 
of industry. Now, if you please, let us 
turn our attention to another source of 
technical graduates—a supply of con- 
siderableand growing numbers, the gradu- 
ates of evening sessons from the many 
colleges of engineering throughout the 
urban areas of our land. 

Perhaps in this emergency these young 
men do not appear to personnel recruiting 
agencies to stand forth as prospective 
“knights in shining armor’’ because they 
have, long since, been employed in in- 
dustry and, in consequence, they are 
already in harness, sharing responsibilities 
effectively and intelligently with their 
fellow workers as a result of their educa- 
tional attainments. Of these graduates 
from evening sessons in engineering, and 
of the facilities for their training, we hear 
much less than of the conventional facili- 
ties for the instruction of day students. 


Night Courses in the 
New York City Area 


Here in the metropolitan New York 
area seven colleges of engineering have 
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been offering evening courses leading to 
baccalaureate degrees. Of these the 
Polytechnic Institute of Brooklyn has had 


‘a long career in its service to the young 


men of this area, having pioneered in this 
type of engineering education in America, 
and having organized itself for this ad- 
ditional sphere of activity as early as 
1904. The curricula and the standards of 
the day and the evening sessions are 
identical. 

In those urban communities where the 
concentration of industry is relatively 
dense, obviously large numbers of young 
technical graduates are found among the 
personnel who are engaged in engineering 
supervision, design and planning, of in- 
dustrial research, and of semi-engineering 
activities of countless types. The more 
ambitious of these feel a challenge offered 
to their abilities by the increasingly com- 
plex problems which they encounter in 
the rapid march of technological progress. 
They find need for more specific knowl- 
edge of engineering science in order better 
to cope with the growing intricacy of elec- 
trical systems with which they are en- 
gaged. 

It is natural that they should turn to 
the engineering colleges near them in 
seeking advanced education to aid them 
in the more intelligent pursuit of their 
daily tasks. At this critical period of 
their professional lives, they know pre- 
cisely wherein they lack certain educa- 
tional facilities to cope with their new 
and advanced problems. It is then they 
need most the help which graduate study 
can give them. They have already be- 
come oriented in the field of their life’s 
work, and perhaps quite a different one 
from that which they envisioned upon the 
day of graduation, so they can now choose 
more intelligently the character of ad- 
vanced study which will serve them best. 


The Organization of 
Graduate Courses 


The Polytechnic Institute recognized 
this call for graduate instruction from 
these young men of industry as far back 
as 1925. In a community where so many 
utilities are engaged in the public service 
of electrical communications, of power 
and light, and of transportation, a course 
of basic and common interest to the many 
engaged in these various fields was that of 
advanced electrical-circuit analysis, in 
which the spectrum of frequencies con- 
sidered was from commercial power values 
to those then employed in radiobroad- 
casting. From this small start, with but 
a handful of students, all eager to learn, 
appreciative of the opportunities offered, 
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hoping for additional facilities in such 
ening instruction, we launched upon 
our program of evening graduate study. 
The results of our adventure into the 
then little explored field of evening 
‘graduate service have led to the develop- 
ment of the present programs of courses 
culminating in the master’s and doctor's 
degrees in electrical engineering. It is of 
passing interest to note that the handful 
of students of the earlier years has grown 
into a registration of about 100 students 
of electrical engineering per year in con- 
tinuous attendance throughout the period 
of the past decade. Of more recent years, 
other engineering colleges here in the 
New York area have likewise added even- 
ing courses of instruction at the graduate 
level to help in this service of affording the 
facilities of advanced education to the 
thousands of engineering graduates em- 
ployed within our metropolitan area. 


The programs of evening graduate 
study may be readily inspected by ref- 
erence to the appropriate college cata- 
logue. This listing of courses, citation of 
their contents, and enumeration of the 
assigned members of the teaching staff, 
whereas enlightening and informative, do 
not, however, give any indication of the 
problems encountered in the organization, 
administration, and growth of this gradu- 
ate service, and of the different emphases 
in the philosophy of education as applied 
to this particular type of education. 

With the hope that the review of some 
of these specific problems which con- 
fronted us may be of value or assistance 
to those who are now entering upon 
enterprises of a similar character, the 
author, with apologies for the close per- 
sonal nature of these citations, ventures 
to describe those elements which played 
a dominant role in the evolution of our 
present electrical engineering evening 
curriculum. 

After a brief experience with the in- 
struction of these graduate evening stu- 
dents, several observations served us well 
in establishing subsequent procedures of 
organization and administration for this 
type of instruction. We found that these 
young men differed from the conventional 
graduate students of the day session in a 
number of essential characteristics. Most 
of them had the advantage of from three 
to five years, or more, of engineering ex- 
perience which provided them with the 
motivating urge to develop further their 
mental facilities through evening study 
in advanced courses. These young men 
were matured, serious, and purposefully 
minded. They recognized in these op- 
portunities for graduate instruction a 
possible means of enabling them to rise 
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more rapidly above their present engineer- 
ing status. 

Many of them were engaged in various 
advanced phases of electrical engineering 
work, frequently of the industrial research 
type, wherein they discovered their 
knowledge to be deficient in meeting ef- 
fectively, and with necessary dispatch, the 
problems of the day. They too often 
realized this disadvantage when attempt- 
ing to study collateral bibliography be- 
cause of their unfamiliarity with the vari- 
ous branches of advanced mathematics 
which they repeatedly encountered. 
Therefore, they sought a knowledge of 
advanced mathematics and a_ facility 
with its applications to a wide variety of 
electrical problems, as well as a thorough 
training in the more theoretical phases of 
electrical science—all to equip them with 
the ability to appreciate and to under- 
stand the literature in their respective 
fields. In addition, they expected that 
their increased knowledge at these higher 
levels of engineering and scientific at- 
tainments would provide them with the 
facility of technical expression by which 
they, in turn, would be enabled some day 
to contribute to engineering literature. 

One of the prerequisites, or gratifications, 
granted to those of us who are in close 
association with this type of educational 
enterprise, is to observe the realization of 
the hopes of these young men to achieve 
such objectives and to actually con- 
tribute technical papers of commendable 
character to the various engineering and 
scientific periodicals. In fact, such 
achievements might well serve as an ef- 
fective measure of the performance of 
these young men at the graduate levels 
of education. 


The Instructor 


It may appear trite and needless repe- 
tition to put into words the personal, in- 
dustrial, and scholastic qualifications, the 
specifications, if you please, for instruc- 
tors who contemplate this type of grad- 
uate teaching; but be assured that no 
phase of organization in this endeavor 
stands paramount to that of the selection 
of the most capable and highly qualified 
engineering educators. For the instructor 
of evening graduate students to enjoy 
the fruits of success in his endeavors, he 
should possess a rich, full educational 
background in the broader aspects of 
general engineering and, of course, he 
should be a master in the restricted con- 
fines of his primary interests. This 
should be supplemented with the invalu- 
able experience to be gained from a period 
of engineering service in industrial prac- 
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tice in order to become intimately con- 
versant with the varieties of problems of 
industry relating to his special field. He 
will then have a clearer perspective of the 
objectives of his instruction. The educa- 
tional facilities of his courses will also 
serve his students better in meeting their 
urgent day-to-day needs, and they will 
also help to provide a more technically 
trained personnel for industry. 

On the personal side, this instructor 
should have a cordial respect for the 
aspirations, the motivating influences, 
and the eagerness for learning of these 
evening students. His prestige as a scien- 
tist, an engineer, and an educator should 
invite a warmth of response from his 
class members. He should be their in- 
spiring and cultural leader, and an en- 
thusiastic proponent of this type of co- 
operative education. Nothing short of 
these essential attributes of the capable 
graduate instructor will meet with more 
than mediocrity in this challenging ven- 
ture of higher education. 

Those individuals in graduate engineer- 
ing education who possess these requisite 
qualifications for teaching are indeed 
rare, This situation exists largely as a 
result of the natural and inexorable eco- 
nomic law of supply and demand. The 
prospective young teaching initiates— 
those exceptional young men of high 
scholastic attainments who can perform 
and think effectively at the doctorate 
level and who possess the many other at- 
tractive attributes of a cultured scientist- 
engineer are urgently importuned to re- 
main in the industry wherein they are 
serving their internships in acquiring the 
practical experience prerequisite to teach- 
ing. Why shouldn’t industry want to re- 
tain the services of such promising young 
men? If the graduate classrooms and 
research laboratories of our colleges of 
engineering are to be graced with the 
capabilities of these industrially groomed 
protégés of advanced engineering educa- 
tion, obviously such prospective young 
teachers can only be induced back to the 
campus by sufficiently attractive rewards. 
Industry pays them their current market 
worth. Do we expect them to sacrifice 
their careers in industry to teaching for 
less? Some apparently do. 

Colleges have been known to accuse 
industry of unethical practices of compe- 
tition when they have been frustrated in 
their attempts to employ these highly 
educated scientist-engineers by unat- 
tractive offers of salary. The problem ap- 
pears to be one of justifiable competition 
in the open market of personnel. If we 
seek gems, we must be prepared to meet 
their market values. Perhaps the colleges 
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are not overly ethical at times in barter- 
ing too low for highly qualified engineering 
teachers. In our perplexing problems of 
personnel, of which we have had many, we 
found industry genuinely co-operative in 
its willingness to help. Many of the in- 
dustrial leaders are farsighted in such 
matters, They envision that their re- 
search and design engineers of tomorrow, 
their future executives as well, are the 
offspring, let us say, of university ad- 
ventures in the higher technical educa- 
tions of today. In consequence, they 
want these prospective employees taught 
with utmost thoroughness. They would 
prefer the colleges of engineering to ad- 
minister the basic instruction, but be- 
cause they have not found the graduates 
well grounded in basic science and engi- 
neering, a number of the larger companies 
have felt impelled to do the job themselves 
- concurrently with their inductive training 
for specialized branches of service. 

As though to lend support and credence 
to this implied malignment of the in- 
competence of instruction, how often do 
we see the graduate instructor who is, 
figuratively, but a hop, skip, and jump 
ahead of his class—the instructor who 
can lay claim to no achievements in his 
Sphere of technical activity? He is re- 
stricted in his services by a lack of 
knowledge and facility with mathe- 
matics; he is circumscribed by a ‘“‘low 
ceiling” of vision in his specialized field; 
and he has literally a complete ‘‘black- 
out” of knowledge in the general field of 
engineering and science. How can the 
instructor who has achieved no success 


Figure 1. The organization chart for the 

electrical-engineering department, Polytechnic 

Institute of Brooklyn, showing the lines of 
delegated responsibilities 


DEPARTMENT ADMINISTRATOR 


at the levels of graduate endeavor, lead, 


inspire, or encourage his students to the 


attainment of what he, himself, has been 
unable to attain? 


The Administrator 


The administrator of an active, well- 
organized department finds himself with 
a full-time job of attending to its manifold 
activities. His services to the college and 
to his department divide themselves into 
two major lines of responsibility. On the 
one hand, the dispatch of the minutiae of 
normal routine—in trying to keep the 
multiple divisions of the department’s 
activities progressing smoothly and ef- 
fectively—constitutes his most time-con- 
suming, but lesser important, function, 
while on the other hand, his major ad- 
ministration, and the one by which his 
competence is primarily judged, is his 
leadership in engineering education. Does 
he promote high standards of instruction; 
does he stimulate in the students and 
faculty members inspiring ambitions; 
and does he encourage in his associates 
the joy of planning for future develop- 
ments and achievements? 

In the execution of his duties he has 
probably discovered by experience how 
much more satisfaction is derived through 
the sharing of certain groups of these 
responsibilities with the fellow members 
of his staff. At the Polytechnic Institute, 
this plan has been effectuated in the elec- 
trical engineering department through 
the organization of three divisions—the 
power division, the communications divi- 
sion, and the graduate and research 
division. The organization and functional 
chart which shows the lines along which 
the department has developed over a 
period of years is portrayed in Figure 1 to 
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indicate the major divisions of delegated 
responsibility. In each of these, further 
delegations of duties are carried down 
even to the grade of assistants and gradu- 
ate fellows, so that everyone on the staff 
has his part in the administration of duties 
commensurate with his position and in 
addition to his major function of service. 

In this paper we are primarily con- 
cerned with the organization of the 
graduate and research division which co- 
ordinates and administers all matters per- 
taining to the evening graduate courses” 
and to programs of research. The organi- 
zation chart for this division is shown in 
Figure 2 to illustrate the lines of responsi- 
bilities here. Under this plan each mem- 
ber of the staff is charged with definite 
duties of a restricted scope which he is 
encouraged to administer within a cer- 
tain degree of autonomy. His efforts and 
accomplishments are given full recogni- 
tion, and his initiative and enterprise are 
factors which are considered in his ad- 
vancement. Ideas and plans for improve- 
ments in the service of the division are 
discussed in meetings of its personnel, and 
when necessary department meetings are 
held to discuss the broader aspects of 
those plans and proposals wherein the 
composite judgment of the staff members 
is desired. 


The department head co-operates to 
his fullest extent in trying to relieve the 
staff members of the graduate division 
from any arduous duties of admuinistra- 
tion that will unduly distract their at- 
tentions from their graduate and research 
endeavors. He should recognize that 
needless distractions from their absorbing 
problems demoralize their interests and 
dissipate their efforts. Among the ad- 
ministrative problems which he may find 
at times almost insurmountable, and 
which have their origin in just such dis- 
tractions and interruptions, are those of 
providing required space facilities, of 
acquiring expensive pieces ef necessary 
specialized apparatus, and of securing 
adequate and capable mechanician serv- 
ices and laboratory assistants. These 
problems arise largely, of course, because 
of inadequate appropriations—a subject 
mentioned with respect and without com- 
ment. 

A word of caution which the adminis- 
trator should impart to all instructors of 
evening graduate courses is that of urging 
them to so allocate their time as to pro- 
vide unfailingly for adequate preparation 
of all phases of their course notes. The 
lure of research must not be allowed to 
unbalance their sense of proportion. 
Unpreparedness for a session is no less 
disastrous to the success of the course 
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than is incompetence. The young men 
of industry who enroll for graduate study 
are making sacrifices of their marginal 
time, and, too, they are paying well for 
the privilege. They have confidence in 
e integrity of their neighboring engineer- 
ing college to provide instruction of the 
highest quality. The administrator of 
5 courses should make doubly certain 


Table I. Showing the Groups of Courses in 
the Graduate Program of Electrical Engi- 
neering Leading to the Master's and Doctor's 
Degrees, Polytechnic Institute of Brooklyn 


Introduction to the Theory of Func- (M) 
, tions 

Analysis of Transient Phenomena (M) 
(Pre G619) 

Vector Analysis (M) 
Electromagnetic Theory (Pre G625) (M) 
Theory of Electrical Measurements* 


Major Course Groups 


Power 


G361 Power Transmission and Distribution 
Theory 

G363 Advanced Alternating-Current Machinery* 

G367 Design of Electrical Machines* 

EEW-254 Protective Relaying of Power Systems* 

G731 Dynamics of Machines and Vibrations* 

G740 Advanced Thermodynamics 

G741 Steam Power Plants* 


G743 Steam and Gas Turbines* 


Communications 
G371 Theory of Electronic Tubes and Their Cir- 
cuits 
EEW-293 Design and Application of Electronic 
Tubes* 
G373 Transmission Network and Filter Theory* 
G377 Advanced Network Theory* (Pre G619, 
G373, G627, G351) 
G384 Ultra-High Frequency Theory* (Pre G353) 
G355 Conformal Mapping* (Pre G619) 
Electrophysics 
G837 Introduction to Theoretical Physics 
G627 Fundamentals of Mechanics* (D) 
G845 Statistical Mechanics* (D) 
G381 Fundamentals of Electronics* 
G841 Fundamentals of Radiation* 
G847 Quantum Mechanics** (Pre G845) 
G629 Higher Mathematical Analysis II* 


Minor Course Groups 
Physics 


In addition to *‘Electrophysics”’ 

G831 Advanced General Physics 

G834 Acoustics** 

G835 Optics** 

G842-3 Physical Measurements 

G844 Conduction of Electricity Through Gases** 


Mathematics 


In Addition to ‘““Basic Course Group”’ 

G621 Advanced Calculus 

G623 Differential Equations (D) 
G629 Higher Mathematical Analysis 1** 

G631 Matrix and.Tensor Analysis* 


Physical Chemistry 


123 Elementary Physical Chemistry 
G121 Advanced Physical Chemistry 
G123-4 Advanced Physical Chemistry Laboratory 
G125 Chemistry of Colloids* 
G126 Chemical Thermodynamics* 
G127 Advanced Electrochemistry* 
G673 Metallography and Heat Treatment* 
G692 Metallurgical Thermodynamics* 
a eee 
(Pre) Prerequisite courses. 
(M) Courses required for the Master’s Degree. 
(D) Courses required additionally for the Doctor’s 
Degree. 


* Given in alternate years. 


** Given every three years. 
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that he is not inadvertently selling to 
these ambitious young men “gold bricks” 
of education. 

In the graduate instruction of these 
young men, almost the entire gamut of 
engineering practice may be represented 
in the experiences of the combined mem- 
bership of the class, so that questions of a 
wide variety, and of astounding degrees of 
depth, may enter the discussions of even 
the first-class session. It is by no means 
uncommon to have numbered among the 
class members, those with an enviable ar- 
ray of technical publications pronouncing 
them authorities in their particular fields 
of endeavor. 

How obvious it appears, then, that 
these young men should expect in their 
mentor one thoroughly versed in his field 
in order that he should stimulate them to 
their greatest attainments, and inspire 
them to carry on far beyond the confines 
of the class lessons. Let the administra- 
tor spend more time and more resources 
to provide his department with a staff 
of research investigators and graduate 
teachers who will meet the fullest expec- 
tations of these young men. 

The problem which confronted us at 
the Polytechnic Institute in the beginning 
of this new venture, and one which may 
perplex others who are contemplating the 
organization of this form of education, or 
its counterpart in nonresident instruction, 
was how to provide this highly qualified 
instructing personnel. In those early days 
we were feeling our way along through the 
shoals of both economic and educational 
hazards. The ‘‘pay as you go” policy 
which we adopted from the start certainly 
did not make easy the problems of pro- 
viding graduate instructors. We solved 
this problem temporarily by affiliating 
with us some of the foremost scientists, 
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engineers, and industrial research special- 
ists here in the metropolitan New York 
area, 

We induced a few of these specialists 
who were especially well qualified through 
the breadth of their educational back- 
ground and of their experience, through 
their love of their work, and through 
their demonstrated ability to impart their 
knowledge to others, to join, as part-time 
members, our graduate staff. They or- 
ganized and offered instruction in certain 
prescribed basic courses in which they 
were pre-eminently qualified to bring to 
the class a wealth of experience in indus- 
trial applications, a broad vision of the 
frontier problems of present day science, 
and a richness of enthusiasm for their sub- 
jects. By this means we were enabled to 
establish and maintain high standards in 
regard to the qualifications of our teach- 
ing personnel. 

The department was also privileged to 
have associated with it, during the forma- 
tive period of this venture, the part-time 
services for two years of Vladimir Kara- 
petoff, the revered dean of America’s elec- 
trical engineering teachers, and the full- 
time services for one year of Bernard 
Hague of the University of Glasgow, the 
pre-eminent authority on electrical meas- 
urements, as a visiting professor. 


The Curriculum—at the 
Master’s Level 


The development of a curriculum of 
courses leading to the master’s degree and 
to the doctor’s degree is a subject charged 
and surcharged with controversy. The 
adherents of the ‘‘free choice” of sub- 
jects at the graduate level would prob- 
ably not condone the curriculum that con- 
tains a large percentage of required sub- 
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jects. After lengthy consideration of this 
important subject, and based upon several 
years of experience, we are the more con- 
vinced that, in the curriculum leading to 
the master’s degree, certain subjects are 
so basically important that the omission of 
any one would seriously weaken the foun- 
dation upon which the superstructure of 
the student’s subsequent educational en- 
deavors is based. 

The subjects which we require of all 
electrical engineering students are: 


Vector analysis. 

Introduction to the theory of functions, 
Analysis of transient phenomena. 
Electromagnetic theory. 

Electrical engineering seminar. 

Thesis 


ey te Eee LO 


These courses make a total of twenty 
semester hours of the minimum of thirty 
which are required for the degree. The 
elective subjects, totaling ten or more 
semester hours, are chosen by the student 
in conference with the department ad- 
viser, and these subjects are generally 
more or less closely allied to the field in 
which the student is employed during his 
day hours. 

These lines of specialized study have 
been formulated into three general ‘‘ma- 
jor” classifications in each of which the 
following subjects are included: 


Power Engineering. Electric-power generation, 
transmission and distribution, system calculations, 
electrical protection, system stability, design of 
machines, transient behavior of machines, and a 
selection from several subjects in mechanical 
engineering, 


Communication Engineering. Electronic tubes, 
their theory and their circuits, network and filter 
theory, advanced network theory, fundamentals of 
electronics, ultrahigh-frequency theory, conformal 
mapping, theory of electrical measurements, funda- 
mentals of mechanics, and a selection from several 
basic subjects of physics, including acoustics, in- 
troduction to theoretical physics, and fundamentals 
of radiation. 


Electrophysics. Conformal mapping, theory of 
electrical measurements, fundamentals of elec- 
tronics, fundamentals of mechanics, and a selection 
from several basic subjects of physics, including 
fundamentals of radiation, physical measurements, 
conduction of electricity through gases, statistical 
mechanics, quantum mechanics, and physical prop- 
erties of metals. 


Reference to Table I will provide a per- 
spective of our present program of even- 
ing graduate courses leading to the mas- 
ter’s and the doctor’s degrees in electrical 
éngineering. Here are shown the basic, 
or required, courses, the major course 
groups, and the minor course groups. 

An analysis of our records shows that 
students who have been granted the mas- 
ter’s degrees have been in attendance, on 
the average, about three and three-fourth 
years. The first year is devoted largely to 
the subjects of mathematics, while in the 
second year the required subjects of cir- 
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cuit analysis and electromagnetic theory 


are taken; during the third year the stu- - 


dent generally completes the elective sub- 
jects and starts thesis work, and in the 
fourth year his time is wholly devoted to 
the thesis investigation. Occasionally 
students with less call on their marginal 
time by outside activities, or home ties, 
take an extra course or two in their first 
two years—thereby sometimes complet- 
ing their thesis work and all other require- 
ments for the degree at the end of the third 
year. Attendance without credit is re- 
quired at the electrical engineering semi- 
nar during each year of enrollment in 
electrical courses. The speakers at these 
seminar sessions, who are invited to ad- 
dress the students and staff members and 
lead the discussion, are outstanding men 
of science and engineering here in the New 
York area. 


The Thesis 


Of the many aims and objectives in 
graduate study, the outstanding one is, in 
a few words, the development in the stu- 
dent of his capabilities to carry on a co- 
ordinated program of original thinking 
and independent investigation. We be- 
lieve that the thesis is an essential means 
of appraising the student’s ability to con- 
duct an advanced and original investiga- 
tion of an appropriate engineering or 
scientific subject, of showing his mastery 
of the subject matter of the courses he has 
taken, of demonstrating the development 
of his processes of clear analytical think- 
ing, and of proving his facility in express- 
ing his thoughts and his developments of 
theoretical conceptions, properly and ade- 
quately, in technical language. 

The competence of these evening gradu- 
ate students to undertake and vigorously 
attack their thesis assignments will be a 
revelation to those who have had no pre- 
vious experience with this type of educa- 
tion. Let it be remembered that these 
students have already taken and com- 
pleted their formal courses in mathe- 
matics, and that they have applied most 
of it many times subsequently in the 
study of their basic electrical subjects. 
After they have completed all of these re- 
quired courses and most of their special- 
ized subjects, they then have the psy- 
chological advantage of undertaking the 
thesis investigation with an assurance of 
mind and the educational advantage of 
an advanced viewpoint. 

With this training as an educational 
background, naturally these thesis en- 
rollees may be expected to achieve su- 
perior results, provided they are inducted 
into this new undertaking with a personal 
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understanding of their possible pitfalls and 
of their inhibitions to use all they have 
learned to the best ends. The assignment 
and guidance of thesis work requires a 
particularly careful vision as to the prob- 
able length and character of the problems, 
the facilities for laboratory measurements, 
and the general nature of the theoretical 
aspects of the problems. It is so easy to 
extend beyond the bounds of a reasonable 
thesis, unless proper care is exercised. 

Not infrequently students are enabled 
to carry on their investigational work 
under the co-operative auspices of their 
supervisors on their jobs, in which cases a 
close collaboration is maintained between 
an assigned member of the graduate di- 
vision of the department and the direct 
supervisor in the company with which the — 
graduate student is employed. This co- 
operative plan for the thesis investiga- 
tion is especially helpful in certain proj- 
ects that involve a wealth of specialized 
apparatus with which the company may 
be well equipped. 

We have been operating under another 
co-operative plan for the past three years 
by which employees of the Westinghouse 
Electric and Manufacturing Company 
may receive graduate course credits, to a 
maximum of fourteen, towards the mas- 
ter’s degree at the Polytechnic Institute 
for courses which they have passed with 
honor grades in the company’s graduate 
program. Reciprocally, our students may 
elect to take certain courses, for credit, 
offered by company specialists on the 
Westinghouse plan. These courses for 
interchange credit are restricted to the ap- 
plied types, in particular. New York 
University and Stevens Institute of Tech- 
nology also share in this Westinghouse 
plan in the New York area. 


The Doctorate Program 


Having organized and administered for 
several years the curriculum leading to 
the master’s degree, an insistent demand 
kept growing for the extension of our 
graduate program into the doctorate level. 
Several of those, who had made meritori- 
ous achievements in their work leading to 
the acquirement of the master’s degree, 
were engaged in the research activities of 
various neighboring industries. Most of 
them had already published papers setting 
forth the results of these various research 
investigations, but they wished additional 
knowledge in the collateral fields of elec- - 
trochemistry, electrophysics, and mathe- 
matics, and in the frontier science of elec- 
trical engineering. For their immediate 
benefit, a number of these young men con- 
tinued their studies in the various ad- 
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va oe courses which were oe offered 
in mathematics, physics, and electrical 
engineering, although they expressed their 
lope that eventually the electrical engi- 
ae department would offer a program 
of study leading to the doctor’s degree. 
This step was formally taken in 1936. 


In organizing instruction at this level, 
* departed basically from our objectives 

d philosophies underlying the master’s 
program. Here, we held that ‘“‘freedom’”’ 
a be allowed the students in choosing 
broadly from those courses which would 
focus their attentions most specifically 
upon the lines of study in which their 
life’s work seemed directed. To assure 
definiteness of purpose, it seemed desir- 
able that these subjects be classified 
within a major field and within one, or 
possibly two, minor fields of concentra- 
tion, and at least one of the minors be 
chosen outside of the offerings within the 
major field. Students who enroll for doc- 
torate study are referred to individual 
guidance committees whose purposes it is 
to direct their selection of courses of study 
and collateral reading, and to advise them 
in the preparation for qualifying examina- 
tions in the subjects of their major and 
minor fields, in gaining an adequate under- 
standing of two foreign languages, and in 
undertaking the investigational program 
that constitutes the dissertation. 

Thus far we have graduated three stu- 
dents with the doctor of electrical engi- 
neering degree, but an increasing number 
are aligning themselves for qualification in 
the near future. The prospects look fav- 
orable for the granting of three, or pos- 
sibly four, doctor’s degrees at the end of the 
current academic year. Actually, about 
twenty evening students are at various 
stages of doctoral preparation above the 
master’s level at present. The number of 
course credits above the master’s degree 
leading to the doctorate is a minimum of 
twenty-four and the time required for the 
dissertation is the equivalent of at least 
sixteen additional credits. The selection 
of students for this level of educational 
attainment is rigorously based upon the 
evidence of ability which they have dis- 
played in prior years in achieving honor 
grades for courses at the master’s level, 
and in conducting meritorious research 
work. Students are not allowed to enroll 
in the doctorate program unless they have 
conducted thesis investigations for the 
master’s degree. 

It is too early in the progress of our 
venture in this division of graduate serv- 
ice to draw conclusions. Yet from our 
experiences in the instruction of those who 
have already obtained the doctor’s degree 
and of the twenty now enrolled in this ad- 
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vanced program, we believe that we are 
headed in the right direction. If such is 
possible, our applied philosophy is one 
of overemphasis on thoroughness, high 
quality, depth of specialized study, and 
unquestioned ability to carry on inde- 
pendent studies and investigations. 

This process of education, through 
evening study, imposes an unrelenting and 
self-administering firmness in maintaining 
the quality of its attainments by dis- 
couraging those who cannot stand its 
rigors. Those possesssing lesser quali- 
fications, who, in consequence, must de- 
vote abnormal time to the preparation of 
their assignments, or who just cannot 
orient themselves to originality of thought 
are self-prompted to withdraw volun- 
tarily. At this level of education, the 
students are not given the benefit of 
doubt in the event of their work falling 
slightly below honor grade. We believe 
that at the doctorate level the time for the 
“mollycoddling”’ of students has definitely 
passed. They are expected to perform at 
high levels of excellence in all of their 
work and at all times. 


Decentralized, or Nonresident, 
Instruction 


The basic elements in the organization 
of nonresident graduate evening courses 
which must be given careful consideration 
by those who contemplate embarking 
upon this type of educational enterprise 
are 


1. The choice of subject to be offered. 


2. The selection of a well qualified in- 
structor, 


3. The development of the content of the 
course. 


4. The establishment of prerequisite 
courses, especially in mathematics. 


5. The procurement of suitable housing 
facilities. 


6. The qualifying of applicants. 


7. The provision for critical supervision. 


The ultimate objectives of this decen- 
tralized instruction determine to a large 
degree the specific emphasis of those 
policies which influence the decisions on 
some of the above elements. For example, 
is it contemplated that the courses are to 
constitute a miscellany of specialized sub- 
jects in electrical engineering to provide 
advanced instruction for employees in in- 
dustry who seek immediate answers to 
their urgent problems of design and manu- 
facture? If so, are the courses to be 
organized at a truly graduate level, with 
prerequisite courses made available, and 
with admission allowed only to qualified 
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applicants? In this case, graduate credit 
for the courses could be allowed by the col- 
lege, although this is an emolument of 
doubtful value unless a full program of 
nonresident courses is planned whereby 
the applicants may be encouraged to con- 
tinue for the master’s degree. 


On the other hand, perhaps the con- 
templated courses are to form a co-ordi- 
nated program of basic and applied sub- 
jects in science and engineering which will 
provide the equivalent of the day instruc- 
tion leading to the master’s degree that 
may already be in operation at the college. 
The latter plan, of course, encompasses an 
elaborate duplication of facilities at the 
urban center which now constitutes a part 
of the campus organization. In effect, 
this plan anticipates the establishment of 


_ another division of the department of 


electrical engineering, which is specifically 
organized to offer graduate evening in- 
struction within the confines of the neigh- 
boring urban area. A plan of this mag- 
nitude is, of course, a major undertaking 
and one which should be subjected to most 
careful economic analysis and critical 
study. 

The former plan of offering a few spe- 
cialized engineering courses at graduate 
level, either with or without college credit, 
may be readily initiated, and the present 
time seems to be particularly favorable 
for starting them. Such courses could be 
organized to meet the current demands of 
industry for intensified technical speciali- 
zation by providing instruction for those 
employees who find themselves inade- 
quately prepared to cope effectively with 
the exacting problems of this critical 
period. This plan, if effectuated now, 
would possess the dual advantages of 
meeting the present training needs of a 
war-time industry in its present emer- 
gency and of being organized at a most 
favorable time to encourage its financial 
support. With the present dearth of per- 
sonnel possessing specialized training 
which now exists in many quarters, fi- 
nancial aid could probably be obtained 
from the government, but if not, where the 
need really justifies it, neighboring indus- 
tries could, most likely, be induced to 
sponsor the courses and to subsidize small 
deficits of operation. 

The Polytechnic Institute has offered 
some instruction, by request, on a non- 
resident basis, wherein a considerable 
number of employees at a distant plant 
wished a specific course. In these cases it 
was possible for a member of our normal 
staff to conduct the course. Graduate 
credit was allowed only to those who ful- 
filled our normal qualifying requirements. 
We are now finding a most urgent de- 
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Resistance- Welding Transients 
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Synopsis: This paper discusses quantita- 
tively the effect of indiscriminate (random 
phase-angle) switching in the primary of a 
resistance-welding transformer supplying a 
resistance welder. The current and power 
transients occurring because of “‘off-angle’’ 
switching are inyestigated through oscillo- 
graphic records of transients in loads built 
up to simulate actual welder-head loads as 
nearly as possible. 

In the switching of loads of either high 
or low power factor and those with or with- 
out iron at high-flux densities, the power 
transients were found to be damped to un- 
important values within the time of a very 
few cycles after the instant of switching. In 
spot and projection welding, the first few 
cycles may be extremely important, how- 
ever, determining the quality of weld even 
though the total time of the weld period is 
much greater. This investigation is limited 
to 60-cycle frequency and to welding periods 
of two cycles or more. 


The General Problem 


HEN a circuit containing resistance 
and reactance is energized from a 
source of alternating current, its initial 
current is likely to be greater than it will 
be after a few cycles have elapsed.'? 
The current is also likely to be affected 
by the momentary unusual resistance 
voltage drop in the primary winding of 
the supply transformer. Inasmuch as 
this paper applies only to heat transients 
in the weld itself, the surge of current in 
the supply transformer primary will be 
considered only as it affects the heat pro- 
duced in the weld because of its effect on 
the secondary voltage. The transformer 
used had an impedance of about 10 per 
cent. 
Because of the great diversity of types 


mand from neighboring industries for in- 
struction in the theory of ultrashort waves, 
their production, transmission, and re- 
ception. This course was included in our 
current curriculum for the second semes- 
ter, and we are advised to expect a large 
enrollment. In fact, we have been re- 
quested to consider the organization of 
certain classes in the subject at remotely 
located plants where a sufficient number 
might warrant nonresident instruction. 
The call of the junior engineers of in- 
dustry for more and more of this type of 
graduate evening instruction offers a re- 
sounding challenge to the technical 
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of resistance-welding loads in which both 
ferrous and nonferrous metals are placed 
in the welding throat, generalization is 
somewhat difficult, and only a limited 
number of specific cases can be considered 
in detail in a paper of this kind. All re- 
sistance welders have a common charac- 
teristic, however, in that their welding 
heads carry heavy currents, and the leads 
to the transformer secondary coil enclose 
an area which accommodates a flux 
which produces an inductive reactance of 
some importance. Whether the metal 
introduced into the throat be ferrous or 
nonferrous, the welder head and its trans- 
former leads can be considered theoreti- 
cally and practically for transient analysis 
the same as any other circuit consisting 
of resistance and inductive reactance in 
series. This investigation was carried 
out using three types of artificial circuits 
built up to simulate representative weld- 
ing loads. 

Circuit 1 was of unusually high power 
factor of 0.85. Circuit 2 was of medium 
power factor of 0.5. Circuit 3 was of 
more common power factor of 0.22. The 
power factor of a welding circuit is, of 
course, fixed by the ratio of resistance to 
the reactance caused by the magnetic 
flux enclosed by the throat. From this 
fact it is apparent that a large throat or 
ferrous metal in the throat will be con- 
ducive to low power factor. With the 
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schools, in or near the urban centers, to 
organize their facilities for taking an ac- 
tive part in this growing enterprise. Al- 
ready a number of colleges of engineering 
throughout the United States has re- 
sponded to the opportunities offered in 
this attractive field, and others are now 
formulating their plans to inaugurate pro- 
grams of advanced courses in the near 
future. These colleges will soon find, too, 
that the fruits of their new adventures 
bear to them deep satisfaction and stimu- 
lating pride in the achievement of their 
discovery of a new and broader field of 
service, 
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shortest possible throat depth in a prac- 
tical design it is difficult to obtain a power 
factor when spot welding of more than 
about 0.6 with a frequency of 60 cycles. 
No attempt was made to control the 
residual flux of either the transformer or 
of the load, because it was considered 
reasonable to assume that the stock to be 
welded has no remanent magnetism and 
that the transformer residual flux will 
produce in these tests the same secondary- 
circuit effects as in an ordinary welder 
transformer. The welding current used 
was about two times the permissible con- 
tinuous current in the transformer. 


Method of Testing 


To examine the power transient charac- 
teristics of the three representative cir- 
cuits, they were switched on at a great 
variety of instants on the applied volt- 
age cycle, and many visual observations 
were made. Only those found to indicate 
special conditions, such as maximum addi- 
tive or subtractive power transients were 
repeated, photographed, and reproduced 
in this paper. The curve sheets, there- 
fore, show extreme results of ‘‘off-angle’” 
switching for the various circuit condi- 
tions. The time constant of flux decay 
as expressed by the ratio of inductance 
to resistance, L/R, is affected not only by 
the resistance of the welder and trans- 
former secondary coil and the flux en-- 
closed by the throat but also by the en- 
trapped flux in the transformer core itself. 
Because of this fact, the rate of decay of 
transient current is influenced by the 
size of transformer used relative to the 
welder requirements; the rate of decay 
being less as the transformer size is in- 
creased. 

The energy delivered to the weld for 
any period was found by planimeter in- 
tegration of the power curves on the os- 
cillogram. The power oscillograms were- 
taken by a power galvanometer with the: 
current coil in series with the welding 
circuit and the potential coil connected’ 
across the secondary of the welding 
transformer. While the power transient 
had not entirely subsided in some cases- 
by the time the end of the oscillogram: 
was reached, the steady-state energy per 
cycle was available in every case from 
another oscillogram in the same series. 
with the same load. 


Results and Conclusions 


1. Random switching may result in a good! 
weld, a cold weld, or a hot weld when the 
welding period is less than about 20 cycles. 


2. Random switching may cause as much, 
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for circuit 1 


as 50 per cent variation in the heat produced 
in a weld having an “‘on”’ time as short as 
two cycles, because of unpredictable tran- 
sients. Such transients may also soften the 
electrodes and materially shorten their use- 
ful lives. 


3. Random switching will cause an error 
not in excess of five per cent in the heat pro- 
duced in a weld having an ‘‘on” time ex- 
ceeding 20 cycles at a line frequency of 60 
cycles. This statement is true only on con- 
dition that the welding circuit is opened 
between welds, or that the time interval 
between consecutive welds is sufficient to 
permit the complete dying out of entrapped 
flux in the throat. Any entrapped flux 
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Figure 2. Oscillograms and heat-input curves 
for circuit 2 


lingering from a previous weld period will 
tend to be accumulative in further saturat- 
ing the transformer core. 


In the case of projection welding even when 
the weld time does exceed 20 seconds, a 
transient of added energy in the first two or 
three cycles may be disastrous, because of 
the exploding away of the projections, and 
for that reason accurate switching control is 
imperative. 


4. When the welding period is less than 
about ten cycles the heat delivered to the 
weld may be appreciably increased or de- 
creased at will within small limits, depending 
upon the number of cycles of the period by 
controlling the instant of closing the pri- 
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Figure 3. Oscillograms and heat-input curves 
for circuit 3 


mary circuit of the transformer. This pro- 
cedure is permissible, of course, only if the 
voltage disturbance caused by the trans- 
former primary-current inrush is not exces- 
sive when the switching point on the voltage 
wave departs from that at which the mini- 
mum transient occurs. Such practice may, 
however, result in the softening and extru- 
sion of the electrodes. 
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S compared to transmission lines, it is 
more important that overhead 
ground wires or vertical masts over sub- 
stations be correctly located so as to pro- 
vide shielding of the structure against 
direct strokes of lightning. In a pre- 
viously published paper! the authors dis- 
cussed the shielding characteristics re- 
quired for transmission lines. The pres- 
ent paper extends these investigations to 
the shielding of substations. 

The previous paper indicated that the 
essential characteristies of natural light- 
ning, that must be correctly simulated so 
that laboratory sparks and scale models 
can be used to study shielding effects, are 
the relative development of the initial 
streamers of the discharge. Schonland? 
and his associates found that lightning 
strokes to ground or to relatively low ob- 
jects, such as transmission line towers, are 
initiated by a streamer propagating from 
the cloud practically the total distance 
to ground. Only very short, if any, up- 
ward streamers from the ground end are 
found to be present. The path taken by 
a stroke and its resulting terminating 
point on the earthed end is determined by 
the initial downward streamer, called by 
Schonland, the pilot streamer. The di- 
rection of propagation of the pilot 
streamer depends, at any point along its 
path, upon the electric field produced by 
the charges in the cloud, at the ground, 
and in the streamer itself, and upon lo- 
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calized conditions of ionization at the tip 
of the streamer. These localized effects 
tend to make the path erratic so that, as 
shown by laboratory tests, for the same 
configuration of cloud and ground, no two 
strokes will follow the same path. 

It was found that, although natural 
lightning is predominantly negative in 
polarity, the relative streamer develop- 
ment is best represented in the laboratory 
by positive polarity sparks, that is, 
strokes from a positive cloud. For nega- 
tive laboratory sparks, upward streamers 
are more likely to originate from the most 
exposed object and span the greater por- 
tion of the gap spacing, thus giving rise to 
more optimistic shielding results with 
models than would be expected for actual 
strokes in nature. 


Description of Model Tests 


As in the previous work, this investiga- 
tion employed 11/2x40-microsecond im- 
pulses of positive polarity at the minimum 
voltage required for breakdown of the 
gap. A vertical pointed rod was used as 
the cloud source of the stroke and a 
smooth metal plane for the ground plane. 
For the determination of the shielding 
properties of overhead ground wires pro- 
tecting horizontal line conductors, the 
arrangement shown in Figure la was used, 
in which the symbols are clearly defined. 
Owing to the localized variations at the 
tip of the pilot streamer, all strokes from a 
given position of the cloud electrode do 
not follow the same path and terminate 
at the same point at the ground. Thus, 
the strokes divide between the three pos- 
sible terminating points: the ground wire, 
the conductor, and the ground plane. It 
is found that the probability of the pro- 
tected object being struck although de- 
creasing as more favorable protection is 
afforded does not necessarily become zero. 

Because the shielding characteristics 
are the same at any point along the line, 
they can be determined from atwo-dimen- 
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mittees on power transmission and distribution and 
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sional plot such as shown in Figure 1b. 


- This curve was determined by increasing 


A from zero and counting the proportional 
distribution between the three possible 
terminating points until A reaches such 
value that all strokes strike the ground, 
The ratio of area C to the sum of areas C 
and G represents the proportion of the 
total strokes to the system that strikes 
the conductor. 

The shielding characteristics of a mast 
involve a three-dimensional problem, as 
shown in Figure 2a, which defines the 
symbols used. The origin of the stroke is 
located by the dimensions A and 6, and 
the distribution curves now become the 
three-dimensional surfaces of Figure 2b. 
The volume C, that resembles a rounded 
cone, represents the total strokes to the 
protected mast and the volume G, that 
resembles an inverted basin with the 
volume C removed, represents the total 
strokes to the shielding mast. The ratio 
of volume C to the sum of the two vol- 
umes is the proportion of the total strokes 
to the system that strikes the protected 
object. For a given position of the cloud 
electrode, 50 strokes were found sufficient 
to determine the percentage distribution 
of strokes between the three possible ter- 
minating points. 

Since the effect of varying model size 
had been found! negligible for positive 
polarity, a fixed ground wire or shielding 
mast height, 4, of 10 inches was used for 
all the tests. To determine the effect of 
mast diameter, tests were made with rods 
having rounded tips varying in diameter 
from 4/;, inch to 1/,inch. Substantially, 
the same results were obtained, regard- 
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Figure 2. Symbols used with stroke-distri- 
bution curves for vertical masts 
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foot height. The use of this ratio should 
give conservative results. 


Shielding of One Mast by Another 


In Figure 3 are plotted the results of the 
tests made with the configuration of masts 
shown in the insert. The strokes that 
contact the protected mast, expressed as 
a percentage of the strokes to the system 
of masts, are plotted as a function of the 
ratio of d/h and x/h. 

The actual configuration of the equip- 
ment to be protected, such as a substation 
bus structure, may vary widely and it 
would be very difficult to make a study 
of all configurations. However, it will be 
shown that a few fundamental configura- 
tions, such as the one discussed, are suffi- 
cient for practical purposes. The per- 
formance of one mast protecting another 
is applicable to the case for which a single 
mast protects a structure having a single 
prominent projection. 


Ol 


x/h 


gure 3. Exposure of an object protected by 
a single mast 


ess of the size or combination of rods, as 
long as positive polarity was used, and 
the rod sizes were held within this range. 
From this it can be concluded that the 
data obtained with one rod size are ap- 
plicable to practical construction. For 
subsequent tests '/s-inch rods were used. 
Previous tests! showed that the same con- 
clusions apply to horizontal ground wires 
and conductors. 
; To determine the total effect of cloud 
height, the relative frequency with which 
strokes originate from a given height 
should be known. Sufficient data of this 
type are not available and considerable 
variance undoubtedly exists in different 
‘regions. It is known that the base of 


Shielding of a Ring of 
Masts by One Mast 


If a number of points on a structure 
have equal exposure with respect to a 
single shielding mast, the probability of 
at least one being struck is increased. 


thunderclouds! varies in height from a = 
minimum of about 500 feet above ground oF 
to as high as 20,000 or 30,000 feet. A o7 


common minimum for relatively flat ter- 
rain is about 1,000 feet. Since more pessi- % 
mistic results are obtained with lower 
cloud heights and ratios of H/h, minimum 
values should be used. A ratio of H/h of 


This can be seen with reference to Figure 
2b. If there were another mast of the 
same height, d, and distance, x, from the 
shielding mast but at an angle @ equal to 
180 degrees, there would be then another 
volume C, and the number of strokes to 
the two protected masts would be twice 
that to one. As the number of masts in- 
creases, forming a circular ring around the 
shielding mast, the exposure increases 
until the limit of an infinite number of 
such masts or a solid ring is reached. 
The distribution curves for such a case 
are independent of 6. A conservative es- 
timate of the shielding performance of 
such ring can be obtained by assuming 
that these distribution curves are the 
same as that of a single protected mast 
for 0 equal to zero. 

Thus, the volume C is a single volume 
of revolution about the shielding mast 
whose cross section is the heavy curve of 
Figure 2b. This is somewhat conserva- 
tive, because, as the number of masts in 
the ring is increased, they eventually be- 
come so close that more than one mast 
becomes involved in the distribution 
curve and less than the number indicated 
by the curve for one mast for @ equal to 
zero will strike any one of the masts. 

It was in this manner that the data for 
the curves of Figure 4 were obtained. 
These data are directly applicable to a 
structure having all points of equal height 
and equal distance from the shielding 
mast. Almost all practical cases of 
shielding by means of a single mast will 
lie between this condition and that of one 
protected point. — 


Figure 5. Exposure 
of two horizontal 


5 was taken for this study, which for a 


conductors protected 


200-foot mast results in a 1,000-foot cloud 
height and for a 100-foot mast in a 500- ° 
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Table I. 


Object and Location 


Record of the Number of Times Objects of Varying Heights Are Struck 


by a single overhead 
ground wire 


Average 
Height Number of Times (Number 
(Feet) Years Struck Per Year) 


Mast at North Wales substation (Philadelphia) of 


10 fire towers of the Pennsylvania State Depart- 
ment of Forests and Waters, western Penn- 


Cathedral of Learning of University of Pittsburgh 
Anaconda Copper Mining Company smoke stack 


Ol O02 03 04 05 06 OF 08 O09 1.0 nt 
x/h Anaconda Copper Mining Company smoke stack 


at Anaconda, Mont........-.----ee cece erence 
Empire State Building, New York, N. Vee mata <8 


Figure 4. Exposure of a ring of objects pro- 
tected by a single mast 
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Philadelphia Electric Company......ssseeeeeees 


SVLV ANIA qoists sicvsis esiele Miele sisie colds science ches ocis 
Radio tower of WWSW, Pittsburgh..........-++6+ 
Radio tower of WHK, Cleveland.......-...+++e05 
Radio tower of WCLE, Cleveland..........-+-++- 
Radio tower of WADC, Akron.........seeeeeeeee 


at Great Falls, Mont........---eeeeceececeeecs 
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These objects are in regions of isoceraunic levels varying from 25 to 45 storm days per year. 
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Shielding of Two Horizontal 
Conductors by a Single 
Overhead Ground Wire 


The shielding characteristics of two 
horizontal conductors protected by a 
single overhead horizontal conductor are 
given in Figure 5. These curves can be 
applied to such cases as an overhead wire 
shielding a substation or shielding the in- 
coming lines to a substation. 


Shielding of Objects Between Two 
Masts or Ground Wires 


Data similar to that given above are 
presented in Figures 6 and 7 for a pro- 
tected mast located midway between two 
shielding masts and for a single horizontal 
conductor located midway between two 
parallel overhead ground wires. The in- 
crease in shielding, which is obtained 
when several masts or ground wires are 
used and placed such that they more or 
less surround the protected equipment, is 
not generally realized. The area pro- 
tected by two masts or two ground wires 
is considerably greater than twice the 
area protected by one. 


Total Number of Strokes to 
Substations 


The degree of shielding necessary for 
adequate protection can only be deter- 
mined after it is known how frequently 
the system is struck. Data available to 
the authors on the number of times per 
year objects of varying heights are struck 
in regions of isoceraunic levels, varying 
from 25 to 45 storm days per year, are 
listed in Table I. All but the data on 


the Empire State Building? were ob- 


Figure 6. Exposure of a single mast midway 
between two shielding masts 


Figure 7. Exposure of a single conductor 
midway between two ground wires 
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tained from lightning investigations be-— 


ing conducted by the Westinghouse Elec- 
tric and Manufacturing Company.* 

The curve of Figure 8 was obtained by 
grouping the data of Table I into mean 
values of height and averaging the strokes 
per year for each group. The range of 
this curve as applied to substations, 
would fall below 200 feet. A mast of 
such height can be expected to be struck 
about once every one and one-half years, 
and a 100-foot mast about once every 
three years. Laboratory tests indicate 
that for strokes that do not have appre- 
ciable upward leaders, the strokes at- 
tracted to a mast increase linearly with 
the height.of the mast. This relation is 
indicated by the general shape of the 
lower part of Figure 8. The upward 
trend of the curve for high objects is prob- 
ably due to the upward streamers that 
occur in nature from objects of such 
height. 

A further estimate of the number of 
strokes to a substation can be obtained 
from the data of Waldorf’ and others! on 
the frequency of strokes to transmission 
lines. The average figure for lines of 
from 60 to 100 feet in height is one per 
mile of line per year. The previous 
model tests! show that, in this height 
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Figure 8. Number of times per year objects of 
various heights are struck by lightning 


\ 24-9 
INNIG SSE E OavECT PROTESTED 
RK BY A SINGLE MAST 

SS 


/ RING OF OBJECTS 
PROTECTED BY 
A SINGLE MAST 


|_| 


TWO CONDUCTORS) 
0.2 [——j PROTECTED BY A 
GROUND WIRE 


Ve 


Th 


Figure 9. Shielding characteristics of a single 
mast or ground wire for 0.1 per cent exposure 
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range, strokes will be drawn to the line 
from an effective lateral distance on each 
side of the line of about 3.5 times the 
height. Assuming an average height of 
80 feet for the foregoing transmission 
lines, one stroke per line per year is thus 
equivalent to 5,280/(2X3.5X80) or 9.5 
strokes per year per square mile of sky 
area. If W and L designate the width 
and length, respectively, in feet of the 
substation then the total strokes to the. 
substation should be approximately, in 
the height range from 60 to 100 feet, 


(W+700)(Z+700) 

(5,280)? 
The strokes to a substation for which 
W=L=100 feet, are 


(800) (800) 
(5,280)* 


9.5 


9.5=0.22 per year 


or once every four and one-half years. 
This compares favorably with the data of 
Figure 8. 
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(a) One shielding mast: 
Dotted lines for one exposed object 
Full lines for ring of exposed objects 
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(c) Two masts or two ground wires: 
Dotted lines for masts 
Full lines for horizontal wires 


Figure 10. Height of shielding object above 

protected object, y, plotted as a function of 

the horizontal separation, x, and the height of 

the protected object, d, for 0.1 per cent 
exposure 
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Figure 11. Areas protected by multiple masts 
for point exposures of 0.1 per cent 


When considering a single substation 
and a figure of one stroke to the structure 
every two to four years, then, if an expo- 
sure of 10 per cent is assumed, the live 
parts will be subjected to one stroke every 
20 to 40 years. One per cent exposure 
results in one stroke every 200 to 400 
years, and 0.1 per cent exposure in one 
stroke every 2,000 to 4,000 years. How- 
ever, many systems have a large number 
of substations, which increases the over- 
all exposure. 

Balanced against the desirability of per- 
fect shielding must be considered the in- 
crease in cost incident to taller shielding 
structures. Certainly not over one per 
cent exposure should be permitted, and, 
when a comparison between the height of 
shielding structure required to obtain 0.1 
per cent exposure over that for one per 
cent exposure, as obtained from Figures 3 
to 7, is made, it will be seen that, in gen- 
eral, the added height can be obtained 
with little increase in cost. For this rea- 
son, the authors have chosen an exposure 
figure of 0.1 per cent in discussing the 
shielding of structures. 


Working Curves 
Figure 9 shows the relative configura- 


tions for a single mast or ground wire re- 
quired to reduce the exposure to 0.1 per 
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cent and Figures 10a and 10b show the 
same data in more usable form in which 


_ distances are plotted in feet directly, thus 


eliminating the necessity of using the 
ratios d/h and x/h. In these figures is in- 
troduced the distance y which represents 
the vertical distance between the pro- 
tected object and the top of the shielding 
object. Similar data for two masts and 
two ground wires are presented in Figure 
10c from data given in Figures 6 and 7. 


Protection of Substations 


To this point, consideration has been 
given to the protection afforded by one or 
two infinitely long wires, such as the over- 
head ground wires on transmission lines, 
to the protection afforded by one mast, 
and to the protection afforded to objects 
located at the mid-point of a line connect- 
ing two masts. Substation configurations 
are so diversified in construction that it 
becomes impossible to test each type in- 
dividually. The best alternative is to 
convert the information already obtained 
to a form that can be utilized to best ad- 
vantage. 

A single mast protecting a substation 
offers no particular difficulty, the curves 
of Figure 10a being used directly. If the 
structure has a single prominent projec- 
tion or several projections in a limited 
region, to be protected, such as a set of 
disconnects, the dotted curves should be 
used. On the other hand if live parts are 
more generally distributed at a given 
height, then the full-line curves should be 
used and applied to the most remote ob- 
ject. 

For horizontal wires the data of Figure 
10b apply to long spans, such as trans- 
mission lines. Substations involve much 
shorter lengths, some being so short that 
consideration must be given to the end 
effects. By comparing Figures 3 and 5 
and Figures 6 and 7, for which Figures 3 
and 6 approximate end conditions and 
Figures 5 and 7 apply to straight-away 
conditions, it may be seen that the per 
cent exposure for a given configuration 
is always slightly less for the end than 
for the straight-away Thus, the work- 
ing curves, Figures 10b and 10c, can be 
applied directly to ground wires, even if 
they are short and the per cent exposure 
figures apply to the total strokes to the 
substation structure. 

If two masts are used to protect an 
area, the data presented give shielding in- 
formation only for the point b, midway 
between the two masts, and for points on 
the semicircles drawn about the masts as 
centers as shown in Figure lla. For 
given values of d and y, a value of s from 
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| Figure 12. Effect of 
hillsides 


Xeff 


Figure 10c and x from Figure 10a can be 
determined, which will give an exposure 
of 0.1 per cent. The locus shown in 
Figure lla, drawn by the semicircles 
around the masts as centers and connect- 
ing the point b, represents an approximate 
limit of 0.1 per cent exposure. Any 
single point falling within the cross- 
hatched area should have better protec- 
tion than 0.1 percent. This arrangement 
is likely to leave some points of a rec- 
tangular substation protected by two 
masts with higher exposure than desir- 
able. If, however, the distance between 
the masts is decreased, the protected 
areas are, at least, as good as the com- 
bined areas obtained by superposing 
those of Figure lla. For example, if the 
distance between masts is halved, the re- 
sultant protected area is somewhat as 
shown in Figure 11b. 

On this basis, to form an approximate 
idea of the width of the overlap between 
masts, first obtain a value of y from 
Figure 10c corresponding to twice the 
actual distance between the masts. 
The width of overlap is then equal to x 
corresponding to this y as obtained from 
Figure 10a. This undoubtedly gives a 
conservative width of substation that 
can be protected. 

For three masts located at the points 
of an equilateral triangle or for four masts 
located at the points of a square, the 
protected areas are as shown in Figures 
lle and d. The height of the shielding 
mast should be so chosen that the b points 
provide 0.1 per cent exposure as obtained 
from Figure 10c for the mid-point be- 
tween two masts. The x radii are ob- 
tained from the data for a single mast. 


Effect of High Earth Resistivity 
and Terrain 


The data presented here apply to sta- 
tions located in regions of relatively flat 
terrain and low earth resistivity. As 
shown in the previous work,! high earth 
resistivity lowers the effective ground 
plane below the surface of the earth and 
results in poorer shielding for a given 
configuration. This effect is appreciable, 
however, only for ‘very high values of re- 
sistivity, and, since most substations are 
provided with an extensive grounding 
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Description of Breaker 


‘d 


Field Tests on High-Capacity Air-Blast 
Station- Type Circuit Breakers 


The breaker which successfully passed — 
* this second series is shown in Figure 1. 
As in the earlier breaker, the mechanism 


Z 
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N January 1940 there was presented 

before the Institute a paper! describing 
a new high-capacity air-blast circuit 
breaker. Since then, breakers of higher 
interrupting rating have been built, 
following out the general principles of 
design and construction disclosed at that 
time. As part of an organized develop- 
ment program, such breakers have been 
subjected to extensive interrupting tests 
underfactory laboratory conditions. How- 
ever, it is recognized that the final proof 
of the interrupting performance of high- 
capacity circuit breakers comes as a result 
of tests made on actual operating systems. 

The engineers of the Consolidated 
Edison Company offered to make such 
tests up to the full short-circuit capacity 
available on the bus of the Hell Gate 
Station in New York. 


First Series of Tests 


A breaker rated 15 kv, 1,200 amperes, 
1,500,000-kva, 8 cycles, mounted in a 
steel cell, was submitted for field inter- 
rupting tests in September 1940. Out 
of seven tests, up to 1,480,000 kva, the 
breaker failed to clear on two occasions, 
resulting in a fault to ground inside the 
steel cell, which was cleared by the back- 
up protection. On the first of these, 
there was no damage whatever to the 
test breaker, and after the parts were in- 
spected and the insulators cleaned, the 
tests were resumed. In the second case 
damage was limited to the upper barrier 


system, this is probably not an important 
factor. The effective ground plane in 
regions of high soil resistivity can be 
raised to the earth’s surface by laying 
counterpoise wires to distances from the 
shielding masts of two or three times their 
height. However, in most cases it is 
probably more economical to increase the 
height of the masts. 

Local terrain conditions are usually 
more important. The previous investi- 
gation! showed that, for transmission 
lines the nominal protective angle, which 
is defined as the angle between the verti- 
cal and a line joining the conductor and 
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of the arc chute in the test breaker, and 
the glaze of some of the porcelain in- 
sulators. Adjacent equipment, such as 
the control equipment and current trans- 
formers located in the test cell, and the 
sand bags and tarpaulin outside and at 
the top of the test cell, was undamaged. 
Arc durations were unexpectedly long as 
compared with those found in factory 
tests. This caused gas to escape around 
the blade, and produced the faults to 
ground. When the breaker was returned 
to the test laboratory, it was found pos- 
sible to reproduce this condition, and it 
was then discovered that alterations in- 
advertently made just prior to the field 
tests had interfered with the full flow of 
air across the contacts and had, therefore, 
resulted in long arcing time. 

This specific difficulty was corrected, 
and, in addition, further development 
work, using the improved synthetic 
method of testing as the basis of study, 
produced other refinements in the design 
of the interrupting structure, vastly in- 
creasing its margin of safety. A breaker 
with these refinements performed per- 
fectly in a second series of field tests in 
May 1941. 


Paper 42-30, recommended by the AIEE com- 
mittees on power transmission and distribution and 
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winter convention, New York, N. Y., January 
26-30, 1942. Manuscript submitted November 5, 
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1941. 
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and air tank are mounted on top, the 
contacts and arc chute of the individual 
phases are mounted in separate steel com- — 
partments immediately below, with pro- — 
vision for conveying the exhaust gases up 
past the mechanism to openings at the 
top. ; 

Without any sacrifice in operating per-- 
formance or efficiency, this arrangement 
of major components provides adapt- 
ability to back or bottom connection 
equal to that of any oil circuit breaker. 

Figure 2 shows one of the arc chutes 
with one side plate removed. The sta- 
tionary finger contacts are shown in the 
bottom of the left-hand chamber. The 
moving blade passes down through open- 
ings in the top walls of this chamber to 
make contact with the fingers and thus 
close the circuit. To interrupt the cir- 
cuit, the blade contact is withdrawn up- 
ward, and a blast of air is blown across 
the arc from the opening visible at the 
left. This forces the arc against the 
cross barriers on the right-hand side of 
the chamber where it is extinguished at 
current zero. 

The arcing chamber through which the 
blade passes is narrow, and beyond the 
leading tips of the cross barriers, the path 
expands rapidly, both horizontally and 
vertically so as to increase the cross- 
sectional area available for exhaust of the 
gases. Beyond the stacks of copper cool- 
ing plates all four passages lead into a 
common chamber whence the gases are 
carried off by the vertical exhaust tube. 

In the full open position the moving 
blade pulls clear out of the opening in the 
top of the chute. In order to prevent the 
escape of gas around the blade at some 
intermediate position during the inter- 


ground wire, should be modified for lines 
constructed on hillsides. The true pro- 
tective angle for this case should be the 
angle between the perpendicular to the 
side slope and the line joining the con- 
ductor and ground wire. Similarly for 
the application of the data presented 
here to substations on hillsides the di- 
mensions h, the shielding mast height, 
and d, the height of the protected object, 
should be measured perpendicular to the 
earth’s surface. The distance x between 
the object and shielding mast should be 
measured along the earth’s surface. This 
is illustrated in Figure 12. 
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provided in the form of a chamber about 
the blade opening. This chamber is fed 
by fresh air bled from the blast stream 
back of the orifice. There is also a cor- 
tugated turbulent seal both between the 
chamber and the chute and between the 
chamber and the outside air. 

~The operating mechanism is of the 
pneumatic type utilizing air for both the 
closing and the opening operations. It 
controls the blast valve in such a way as 
to insure that the air blast is available 
prior to contact separation. 


Figure 1. The air-blast breaker 


Figure 2. The arc chute with one side plate 
removed 
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rupting operation, an air lock has been 


Factory Tests— 
the Synthetic Circuit 


There has previously been described 
before the Institute? the so-called syn- 
thetic method of making short-circuit 
tests on interrupting devices. This meth- 
od consists essentially of passing heavy 
current at low voltage through inter- 
rupting contacts and causing high or 
normal recovery voltage to be applied 
across the contacts at the instant of inter- 
ruption at current zero. The new and 
improved circuit, which differs somewhat 
from that previously described, is shown 
in Figure 3. In this case the high-voltage 
source is connected through to the circuit 
breaker under test and is subject to prac- 
tically full excitation at all times. This 
facilitates proper timing in that it causes 
the recovery transient from the high- 
voltage circuit to appear automatically 
upon momentary extinction of the arc in 
both the test breaker and the auxiliary 
breaker rather than making the appear- 
ance of this transient dependent upon the 
breakdown of a gap. 


Referring to Figure 3, the heavy lines 
This 


indicate the high current circuit. 


passes from two terminals of the genera- 
tor through 


1. A station breaker for finally de-ener- 
gizing the circuit. 


2. Reactors for controlling the current 
magnitude, 


3. The test breaker and an auxiliary 
breaker in series. 


One terminal of the test breaker is 
grounded. The auxiliary breaker must be 
arranged to interrupt at the same time as 
the test breaker. A second pole of the 
same breaker or another identical breaker 
is usually the most convenient thing touse. 

The high-potential circuit starts from 
the third terminal of the generator, passes 
through a reactor, a step-up transformer 
and a resistor toa capacitor. By manipu- 
lation of the resistance and reactance of 
this circuit, the magnitude and phase 
angle of the voltage at the capacitor is 
subject to close control. The usual phase- 
angle adjustment is such that the capaci- 
tor voltage leads the current through the 
test breaker by 90 degrees so as to give the 
same phase relationship between voltage 
and current as the conventional circuit. 
The high-voltage terminal of the capacitor 
is connected through a resistance and in- 
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TIME —— 
Figure 4. Recovery-voltage transients 


A—Synthetic circuit, breaker clearing 
B—Conventional circuit 
C—Synthetic circuit, breaker failing 


ductance to the ungrounded terminal of 
the test breaker. The magnitude of the 
resistance in this circuit was usually such 
as to give a current between 5 and 50 am- 
peres. The inductance was much smaller 
in ohmic value than the resistance and so 
had no appreciable effect on the current in 
this connection. Its purpose was to in- 
troduce a controlled amount of oscillation 
into the recovery transient at the test 
breaker. 

For a circuit-opening test, this circuit 
operates as follows: 


Both the test breaker and the auxiliary 
breaker are initially closed. The station 
breaker closes applying the short circuit. 
This allows current to flow in the high-cur- 
rent circuit and also energizes the high- 
voltage circuit, setting up voltage at the 
capacitor and current in the resistance- 
inductance circuit between the capacitor 
and the test-breaker terminal. This cur- 
rent leads that in the high-current circuit 
by about 90 degrees, and causes the cur- 
rent in the test breaker to lead that in the 
auxiliary breaker by an angle which, ex- 
pressed in terms of time, usually amounts to 
a few tenths of a microsecond. 


This condition continues until the cir- 
cuit breaker contacts are separated and 
the arc is interrupted. When this occurs 
the current in the resistance-inductance 
circuit has its previous path to ground 
interrupted and must complete the circuit 
via the capacitance of the connection be- 
tween the two breakers. Were there no 
inductance in this circuit the voltage 
across the test breaker would respond by 
rising along a logarithmic curve to the volt- 
age of the capacitor, without oscillation 


or overshoot. 
amount of inductance, however, a con- 
trolled amount of oscillation can be ob- 
tained, so that it is possible to obtain a 
range of recovery characteristics quiterep- 
resentative of a good number of those 
occurring in actual service. Curve A of 
Figure 4 shows a cathode-ray oscillogram 
of a voltage-recovery transient actually 
obtained in this manner for simulation of 
the duty represented by curve B, which 
was obtained on a conventional test cir- 
cuit. 

In common with other synthetic cir- 
cuits, the present one gives the breaker an 
opportunity to extinguish the arc at a 
given current zero or allow it to reignite, 
Whether extinction or reignition takes 
place is indicated on the cathode-ray os- 
cillogram. Extinction is indicated by the 
rapid establishment of voltage across the 
breaker contacts and the absence of break- 
downs on the voltage-recovery curve. 
Failure to extinguish is indicated by a de- 
lay in voltage establishment or break- 
downs on the voltage-recovery curve. 
Curve C of Figure 4 shows a cathode-ray 
oscillogram indicating failure to extin- 
guish for comparison with curve A show- 
ing prompt extinction. 


Severity of the Synthetic Circuit 


The goal of synthetic testing is to pro- 
duce conditions of are current and re- 
covery voltage for a circuit breaker which 
are of equal severity with those that may 
be encountered in service in an interrup- 
tion of short-circuit current. Shapes of 
the recovery-voltage characteristic occur- 
ring in service vary widely, but reason- 
able simulation of a service characteristic 
may be considered to be achieved in the 
synthetic test if the voltage rises to the 
same value in the same number of micro- 
seconds without necessarily duplicating 
all oscillations. 

The circuit has been criticized occasion- 
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By inserting a small 


ally on the basis that the use of two inter- 
rupting units in series reduces the duty on 
the test breaker. In modern a-c circuit 
breakers the current is allowed to flow 
substantially without hindrance until it 
reaches the normal cyclic current zero. 
The insertion of a second interrupting unit 
will increase the effective arc voltage, but 
this will cause only a slight modification 
of the current wave, and when the tests 
are properly evaluated, this modification 
tends, if anything, to result in a synthetic 
test which is too severe rather than too — 
lenient. This is explained by the following 
analysis of the ways in which the modi- 
fication may manifest itself. 
The additional arc-voltage effect may 

1. Reduce the crest value of current 
reached during arcing. Any error from this 
source can be nullified by evaluating test 
results in terms of the current actually 
reached rather than in terms of what would 
have been reached had only one breaker 
been present in the circuit. , 


2. Shorten the current loop. Misleading 
conclusions from this effect can be avoided 
by interpreting the test results in terms of 
the ability of the breaker to interrupt on a 
current zero occurring at a given contact 
separation. 


3. Cause the current to fall to zero more 
rapidly at the end of the loop. This will 
result in a higher average current during the 
last thousand microseconds or so before cur- 
rent zero. Consequently, it will tend to 
increase the difficulty of clearing when the 
current zero occurs. 

The duty of the test breaker might be 
considerably reduced if the auxiliary 
breaker were in series with it for the re- 
covery voltage. As will be apparent from 
inspection of the circuit, however, this 
voltage is applied across the test breaker 
alone. 

Tests made for comparison of the se- 
verity of the synthetic testing scheme with 
that of conventional tests confirm this 
analysis. The air-blast breaker is well 
adapted to such tests, for, in the reduction 
of tank pressure, it offers a convenient 
means of adjusting the interrupting 
ability of the breaker to the power avail- 
able from a conventional circuit. Further 
tests may then be made with the syn- 
thetic circuit set up to simulate this con- 
ventional circuit. 

Tests of this type have been made on 
two different breakers. The first of these 
breakers was rated 500,000 kva at 15,000 
volts, so that tests could conveniently be 
made close to full rating, and the second 
was very similar to the breaker finally 
tested in the field and described above. 

The first group of tests was made at 
from about 10,000 to 13,000 amperes with 
14,500 volts across a single pole of the 
breaker. The results are shown in Figure 


~ 


5. Here the contact separation corre- 
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Curve A—Breaker travel, each step = approxi- 
mately 0.17 inch 

Curve B—Cathode-ray oscillograph trip 

Curve C—Pressure in manifold, pole 2 

Curve D—Voltage across contacts, pole 2 

Curve E—Current, pole 2 

Curve F—Pressure in manifold, pole 3 

Curve G—Trip-coil current 


sponding to a given current zero is plotted 
as abscissa and the tank pressure used in 
the test is plotted as ordinate. Points are 
coded according to whether the arc was 
extinguished or reignited at the current 
zero in question and according to whether 
the test was conventional or synthetic. A 
few of the points indicate clearing at zero 
contact separation. This occurs because, 
with the blade and finger contacts, contact 
separation is measured from the point 
where the tip of the blade is flush with the 
tips of the fingers rather than the point of 
metallic contact. 

On this plot one curve is drawn to in- 
dicate the border line between extinction 
and reignition as shown by the synthetic 
tests, and another to indicate the corre- 
sponding border line for conventional 
tests. There are not enough test points to 
determine both curves with high precision 
throughout their length, so there may be 
some question as to whether the curves 
should be exactly as shown. With any 
reasonable change, however, the border 
line for the synthetic tests lies to the right 
of the border line for the conventional 
tests, showing that at any given pressure 
more contact separation is required to 
clear the synthetic circuit than the con- 
ventional circuit. These tests, therefore, 
Figure 7. Stationary contacts after test, with 

new contact 
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Figure 6. Oscillograms of test 6-C 


indicate the synthetic circuit to be some- 
what more severe than the conventional. 

The second series was made at about 
the same current and voltage as the first 
series, but at a higher recovery-voltage 
rate and on a breaker of higher interrupt- 
ing rating similar to the breaker tested in 
the field. In this case the line of demarca- 
tion between extinctions and reignitions 
lay between 70 and 90 pounds per square 
inch both for the conventional circuit and 
for the synthetic circuit, indicating ap- 
proximate equivalence of the two circuits. 

These series may be taken as concrete 
evidence that the synthetic circuit pro- 
duces test results sufficiently close to those 
obtained conventionally to serve as an ac- 
ceptable procedure for determining ability 
of a circuit breaker to interrupt at the 
first current zero of arcing. 


Synthetic Tests at Breaker Rating 


After making conventional tests on this 
breaker up to the limit of the laboratory 
both at 14,500 volts and at a reduced volt- 
age with currents extending up to and be- 
yond the rating, the synthetic circuit was 
applied in order to obtain performance 
data upon the application of both rated 
voltage and rated current in the same test. 

Tests were made with a restored voltage 
of about 15 kv rms across a single pole of 
the breaker and at currents varying for 
the most part over the range from 50,000 
to 62,000 amperes. Under these condi- 
tions with a tank pressure of 150 pounds 
it was found that occasionally the breaker 
would not clear at the first current zero 


after contact separation. Increasing this 
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Curve A—Breaker travel, each step = approxi- 
mately 0.17 inch 

Curve B—Voltage across contacts, pole 3 
Curve C—Pressure in throat, pole 3 

Curve D—Current, pole 3 

Curve E—Current, pole 1 

Curve F—Pressure in throat, pole 1 

Curve G—Voltage across contacts, pole 4 


pressure to 200 pounds sharply reduced 
the probability of carrying over for extra 
loops of current, and at 250 pounds in all 
cases the breaker was found to clear at the 
first zero point after the contacts had 
separated 0.4 inch. 

Other tests made by varying the rate of 
rise of recovery voltage, keeping all other 
conditions the same, indicate that the 
tank pressure required to insure clearing 
at the first current zero increases as the 
circuit recovery rate goes up. 

The use of 250 pounds of pressure in- 
stead of 150 pounds, therefore, provides 
an increased margin of safety in insuring 
half-cycle arcing time for high-capacity 
breakers under conditions of high rate of 
rise of recovery voltage, and since it im- 
poses no economic or operating burden on 
this type of breaker, this pressure was se- 
lected for the second series of field tests. 


Second Series of Field Tests 


The results of the field tests on the 
modified breaker are shown in Table I. 
The series consisted of an opening and a 
closing-opening test, three-phase, at each 
of three steps, at approximately 40, 80, 
and 100 per cent of full interrupting rat- 
ing. Root-mean-square currents in the 
first cycle on the closing-opening tests 
varied from 28,000 amperes to 111,000 


Figure 8. Movable contacts after test, with 
new contact 
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amperes. These three-phase tests were 
followed by one single-phase operation at 
about 350,000 kva which was a system, 
and not a breaker test. All of these tests 
were completely successful. The breaker 
operating time ranged from 4 to41/2 cycles. 
The arcing time never exceeded one-half 
cycle, confirming the prediction of the syn- 
thetic tests made in the factory. There 
was no sign of fire throw either from 
around the contacts or from the vents on 
either opening or closing-opening tests. 

Figure 6 shows the oscillograms of test 
6-C. 

The condition of the contacts from all 
three phases (compared with new con- 
tacts) is shown in Figures 7 and 8. Burn- 
ing of the metal is detectable for a short 
distance up the trailing edge of the blade, 
at the hump of the arcing fingers, and on 
the arcing plate at the back of the finger 
assembly. Loss of material was very 
light, however, and conservative estimates 
placed the useful life of the contacts be- 
fore requiring replacement at several 
times this amount of service. 

Figure 9 shows the interior of one of the 
are chutes following the tests. Here also 
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Figure 9. Interrupting chamber after test 


burning is very light. The piece most 
severely burned is the first fibre barrier, 
and this could be expected to last approxi- 


’ mately as long as the contacts. 


Conclusions 


1. Although assuredly unpremeditated and 
unscheduled, and at the moment extremely 
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disappointing, the eventual result of the 
difficulties on the first series was to build 
up confidence in the air-blast breaker prin- 
ciple, for there resulted no damage whatever 
to adjacent equipment, and very minor 
damage to the test breaker itself. 


2. A 15-kv, 1,500,000-kva air-blast breaker 
has demonstrated its ability to perform — 
satisfactorily over the entire range up to 
full rating, and to close currents as high as 
111,000 amperes, under field conditions, in 
the first such tests ever made at generator 
voltage. 


83. Close agreement has been demonstrated 

between the results of factory synthetic 
tests for high-capacity circuit breakers and 

field-interrupting performance. Recogniz- 

ing that such field tests, however desirable, 

can serve as only an occasional check on 

laboratory results, this agreement is signifi- 

cant in that it establishes confidence in the 

present method of developing high-capacity 

interrupting devices. 
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Electric-Power Distribution Systems 


in Wartime 
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I—Introduction 


E are living today in some of the 

most critical times in the world’s 
history. Throughout a large portion of 
the world men and machines are engaged 
in titanic struggles that may, and un- 
doubtedly will, affect the future of 
Western civilization as we know it, for a 
century, perhaps for centuries. We, our- 
selves, in this country have, against our 
will, been drawn into this world reaching 
cataclysm. We are now dedicating a 
large part of our energies and resources 
and even our lives to the task of assuring 
that the democratic idea and way of life 
will emerge victorious over its counterpart 
and deadly enemy—the totalitarian idea. 
We are at war. 

I have referred to the dedication of a 
large part of our energies. But more 
specifically I meant to emphasize— 
energy. For truly, as in no other armed 
clash in the history of civilized man, this 
is a struggle between opposing horse- 
power. Consider, for example, the fact 
that our monthly output (August 1941) 
of airplane engines alone has reached the 
figure of four and one-half million horse- 
power. Add to it, the engine horsepower 
of tanks, trucks and the numerous 
auxiliary vehicles going into direct mili- 
tary effort, and the power being built 
monthly for the propulsion of the numer- 
ous varieties of ships being built by, and 
for, the American navy, and the supreme 
importance of the horsepower in this 
particular defense program becomes strik- 
ingly clear. 

Equally significant are some figures 
from the electric power industry—public 
and private. During the 12 months end- 
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ing September 1941 it generated some 159 
billion kilowatt-hours. As of the same 
date it had an installed capacity of over 
42,950,000 kw. Further, it is expected 
that during the year 1942 there will be 
added over 3,000,000 kw of capacity and 
during 1943 close to 2,000,000 kw. One 
single system alone—the electric system 
with which the author is associated—has 
added during the past year over 230,000 
kw of steam electric capacity, and it has 
under construction and will add during 
1942 and 1943 over 500,000 kw of addi- 
tional capacity. 

All of the vast reservoir of power is de- 
signed to back up the man power of the 
nation and to make certain that energy, 
to the fullest extent that energy can be 
used to complement the human effort, is 
available to meet the requirements for 
increased production of all the materials 
needed to wage modern war. ~ 

Most of this energy has to be distrib- 
uted before it can reach the utilization 
point. It has, in other words, to utilize 
the facilities of a distribution system. 
It is a well-known fact that the distribu- 
tion system represents the largest single 
item of plant investment in any well- 
balanced electric utility system. Hence, 
it represents the largest aggregation of 
skilled effort and materials. But ma- 
terials composing the distribution sys- 
tems, and particularly items like copper, 
steel, and electrical assemblies of these, 
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represent some of the most critical ma- 
terials in the present all-out defense effort. 
The factories normally engaged in manu- 
facturing these materials into finished 
usable products to take their place in a 
distribution system are, in a great major- 
ity of the cases, engaged also in manu- 
facturing similar materials, or materials 
of a sufficiently closely similar nature, so 
as to require the same human and machine 
facilities, for direct use in vital defense in- 
struments both on land and in war vessels 
of various kinds. 

Distribution systems, as we know them, 
and as they exist today, are the products 
of concepts and ideas developed into 
plans, and built of materials and labor 
utilizing the concepts and ideas of human 
beings, generally engineers. These con- 
cepts and ideas, in turn, have usually 
been based upon knowledge of physical 
and electrical requirements of a distribu- 
tion system and of the corresponding 
abilities of certain materials to meet those 
requirements. In many cases, however, 
the requirements themselves, although the 
result of a great deal of experience and a 
knowledge of fundamental engineering 
characteristics, are based upon more or 
less arbitrary criteria of what is required 
to give satisfactory performance. For 
example: It is apparent that, while 
there is much experience and sound distri- 
bution engineering behind the common 
criterion of designing distribution feeders 
for two per cent voltage drop to the dis- 
tribution center or point of primary take- 
off, it is possible to design, build, and 
operate distribution systems with higher 
voltage drops. This is but one example 
illustrative of the fact that many parts of 
distribution systems have been built to 
meet more or less arbitrary standards, 

This is not said in derogation of distri- 
bution engineering as currently practiced. 
We all recognize that certain standards of 
performance are prerequisite to any ra- 
tional design of any distribution system, 
but many of the standards are not only 
based upon judgment as to the level of 
performance that the standards have to 
reach, but, in many cases today, are the 
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product of a continuous raising of such 
levels. Only to the extent that they do 
not represent the minimum that can be 
safely used, particularly in times of neces- 
sity, do I mean to label them as arbi- 
trary standards. To that same extent, 
the limitations from a load-carrying 
standpoint are, in many cases, man-made 
and they, therefore, offer possibilities of 
being unmade and their use expanded in 
times of necessity, by man. 

Considering the necessity of utilizing 
all available effort to the utmost in a war 
for survival, it is obvious that, to the ex- 
tent that distribution systems, so vital to 
the delivery of power and energy to all 
war industries, have to be expanded in 
order to meet the increasing need for elec- 
tric power and energy, it behooves us at 
this time to re-examine the peacetime 
ideas and concepts behind the planning 
and building of our distribution systems. 
It is necessary to ascertain how far ideas 
that were perfectly sound only a short 
time ago are still sound today and how 
far they can be modified; to what extent 
new ideas can be used, particularly for 
the duration of the emergency, so as to 
reduce to the practical minimum the 
total efforts expended on expansion of 
distribution systems. 


II—The Object and Scope of This 
Symposium 


The object and scope of the sympo- 
sium, to which this paper forms an intro- 
duction, is to survey, study, and analyze 
all phases of the distribution system with 
a view to not only developing new ideas 
and concepts, but even more so to altering 
previous concepts of what has to be done 
on a distribution system under conditions 
facing the electric supply industry and 
industry of the country in general, today: 
to determine means and methods that 
can be employed for adapting, expanding, 
and operating existing distribution sys- 
tems for the maximum broad overall 
benefit. This will recognize first, that all 
distribution systems (at least distribution 
systems that have maintained what might 
be called normal standards of adequacy) 
have inherently considerable elasticity, or 
rubber, or stretch, to use more common 
terms. A good deal of that stretch, it 
would appear, can and must be used under 
present conditions. The exact methods 
of utilizing such elasticity, the ways and 
means, will be developed in detail in the 
principal papers. Again, it will recognize 
that, in many of its aspects, distribution 
engineering as practiced today is a result 
of slowly developed standards and con- 
cepts of what is adequate quality of serv- 
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ice. Side by side with such develop- 
ment has been an acceptance, during the 
past two decades at any rate, of the idea 
that quality of service should be continu- 
ally improved. In general, these ideas 
have been sound, at least for peace times. 
But in making such a statement, it needs 
to be recognized that service can be ren- 
dered on several—perhaps an infinite 
number of—different quality levels, rang- 
ing from the very highest level to one that 
is definitely below the passable or accept- 
able. But in between these two limits 
there is a broad band for latitude. 
Where a national emergency exists and 
where the national interest dictates the 
desirability of modifying such standards 
of quality, there most certainly is every 
reason for analyzing de nova, determining, 
and then adopting a newer concept of 
what is adequate for the emergency 
period. 

Not only in operation, but in mainte- 
nance also, a closer examination of the 
true needs of a distribution system is in 
order. More than ever in times of a 
national emergency, the question of in- 
dispensability of any proposed program 
needs to be gone into thoroughly. Not 
only that, but the long-term concept, 
even the reasonably long-term concept, 
may have to be disregarded and be per- 
mitted to give way to the concept of im- 
mediate or reasonably immediate need. 
It is true that all this may result in some- 
what greater eventual cost. Deferred 
maintenance, for example, always results 
in greater ultimate costs. But here 
again, there is considerable margin of 
latitude between what might be called 
clearly deferred maintenance and what is 
merely anticipatory maintenance. The 
latter will frequently result in a total 
saving over a long enough period of time. 
However, under the situation confront- 
ing the country today, a program in- 
volving somewhat higher ultimate costs 
may be the more sound, and therefore, 
the desirable one, if not the necessary one, 
to follow. 


From the standpoint of the materials 
situation and the help that can be given 
here, it is necessary to give consideration 
to the fact that many defense industries 
are in direct competition for the same or 
allied materials used on a distribution 
system. This is true, for example, in ma- 
terials like copper, steel, tin, zinc, and 
any number of others. In other cases, 
the competition extends beyond the raw 
material and enters into the manufactured 
product itself. Typical examples of that 
are transformers, electric cables, circuit 
breakers, protective devices, and numer- 
ous others that can be cited. Hence, the 
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need to critically examine not only the ex- 
tent to which existing materials and de- 
vices can be more intensely employed, but 
where new materials or devices are 
needed, to determine what substitutes for 
critical materials might be employed. 
This symposium will concern itself with 
this also. 

The development of the idea of the im- 
portance of the distribution system to the 
task of making available adequate elec- 
tric energy to successfully prosecute the 
war leads directly to the thought that the 
defense or the protection of that system is 
likewise a most vital matter. But this 
subject is a difficult one to handle, par- 
ticularly in a public forum. A discussion 
of weaknesses of any system is an auto- 
matic indication of the logical point of 
attack by those sufficiently motivated to 
carry on the work of the saboteur. 
Hence, such a discussion has to be, of 
necessity, most limited. But such limi- 
tation of the scope of the discussion does 
not alter the fact that certain plans, 
ideas and ways and means of providing 
secondary lines of defense, so to speak, 
can be developed, and in many cases have 
been developed and put into effect. To 
that extent, discussion is not only possible 
but can be fruitful in bringing about 
greater safety. 


IlI—The Limitations of the 
Symposium 


Even the brief discussion of the distri- 
bution problem that has been given here, 
should have indicated fairly conclusively 
that the problem undertaken is a complex 
one. What is of even greater significance 
is the fact that the distribution system, 
more perhaps than any other part of an 
electric supply system, is a local problem. 
It is a polygon full of local angles. All of 
this has been fully recognized. The fact 
still remains, however, that certain prin- 
ciples are more or less universally applica- 
ble. These, in particular, it will be the 
aim and purpose to explore. 

In arranging the series of papers here 
presented, and in their writing, it has 
been neither the aim nor the intention to 
prepare a complete text on the subject, 
or on any phase of it. On the contrary, 
it is fully recognized that a task of that 
sort would be practically impossible, and 
certainly so, within the time and the space 
that has been made available for that pur- 
pose. Rather has it been the thought 
that this series of papers will result in a 
stimulation of thinking along new avenues 
and that that will lead to further work 
that will be undertaken. This work 
will have to be done in the scores, possibly 
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ynopsis: This paper reviews the under- 
ground distribution system, suggests meth- 
ods to conserve existing facilities and ways 
of utilizing latent capacity, and summarizes 
some of the known information available. 
Additional information is given on duct- 
bank load limitations and on time-tempera- 
ture factors for cable and duct. 
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le war program requires that we take 

~ Hevery advantage of existing equipment 

and unused capacity to carry the unusual 
loads which are being supplied. Unpre- 
dictable new loads and load increases 
must be supplied promptly, although ma- 
terials and equipment progressively be- 
come scarcer. Expedients will be neces- 
sary which would not be considered dur- 
ing normal times and all of our combined 

‘ingenuity will be required. 

_ The experience from previous operation 
must be utilized to the greatest extent, 
but since the conditions at present are be- 
coming so extreme, previous experience 
under normal conditions may be of value 
largely as a sign to point the direction. 
The opportunity to obtain valuable data 
must not be overlooked. Field studies, in- 
vestigations, and surveys should be con- 
tinued or expanded so that the road can 
be mapped as we travel over it. Infor- 
mation gathered now will be of great value 
for present operation and future design. 


Method of Supply 


In those cases where a radial distribu- 
tion system is used advantage may be 
gained, both in capacity and in regula- 
tion, by changing to a network system. 
A properly designed network will increase 
the capacity of existing facilities in a given 
area and improve the service reliability. 
If maximum use is made of the capacity 
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increase, there will be very little voltage 
improvement. However, it may be 
necessary, for the duration of the emer- 
gency, to modify our existing concepts 
of satisfactory voltage regulation in order 
to make available the maximum capacity 
to carry the load. This does not neces- 
sarily mean exceeding the existing limits 
of minimum and maximum voltage, but 
it may mean a wider band than has been 
considered good practice. The change 
from radial to network will only be eco- 
nomical in certain cases. In general, the 
increase in capacity alone will not justify 
the expense of changing over, and the 
material required may be more than to 
obtain the same capacity increase in other 
ways. 

A radial system usually has a number of 
dual-service customers supplied from it. 
Standard practice requires that capacity 
must be available on each service for the 
entire load of the customer. This re- 
serves normal capacity of twice the load 
being supplied. More liberal use of the 
emergency capacity of the system will per- 
mit this load to be supplied normally from 
one feeder without overload, but will not 
reserve capacity on a second cable so that 
when the second supply is required the 
emergency rating of the cable will be used. 
In some cases, additional load transfers 
at the time of the emergency can be made 
to relieve the overload. Emergency serv- 
ice may have to be restricted to the 
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hundreds, or even thousands, of distribu- 
tion systems. 

The experience in the application of 
these ideas, and the development of new 
ideas that effort along this line is bound to 
bring, will eventually give a great deal 
more knowledge and information. But 
there is no time to await the full gathering 
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of that experience. Even though all the 
facts necessary for a complete solution of 
all the phases of the problem are not 
available at the present time, a beginning 
must be made at once. All engineers, 
and distribution engineers among them, 
must pitch in and contribute their share 
to the common task. 
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customer’s essential load. As capacity 
limitations become more critical, it may 
become necessary to make available 
emergency service only to essential war 
industries, although this does not appear 
necessary at this time. Control of the use 
of emergency service by the utility instead 
of by the customer will provide greater 
flexibility for the use of existing capacity. 
A review should be made of the facilities 
supplying all dual-service customers to re- 
lease all possible capacity for new loads 
and increased loads. 

Additional capacity may be made avail- 
able by the parallel operation of primary 
feeders. This must be done with care so 
that a large area will not be without serv- 
ice in case of a cable failure. The inter- 
rupting duty on equipment connected to 
such parallel lines will be materially in- 
creased, and fuses and circuit breakers 
may be inadequate. The same advan- 
tage may be gained by transferring custo- 
mers between feeders, in order to obtain 
the highest load factor. As an example, 
if there are two feeders into an area, one 
industrial and the other commercial and 
residential, it may be advantageous to 
change both to combination feeders. 


Reliability of Supply 


All reasonable precautions should be 
taken to guard the system against dam- 
age to cables and accessories. This dam- 
age may be intentional or unintentional 
and may be mechanical, thermal, or 
flood. Mechanical includes both external 
and internal explosions as well as other 
types of mechanical damage. Thermal 
includes fire as well as overload. 

Damage should be prevented if pos- 
sible, but when it does occur, the organi- 
zation must be prepared to repair it 
promptly and restore the equipment to 
service. This will require suitable trucks 
and trailers equipped with splicing mate- 
rials and pumps. Careful study should be 
given to the amount and efficiency of this 
equipment. 

Fire fighting equipment mounted on a 
truck or trailer should be provided which 
can be quickly moved to any part of the 
system. More than one may be required 
for complete coverage of a large property. 
Mobile fire fighting equipment of the CO. 
type has been designed and is available.? 
This is useful not only for manhole and 
vault fires, but also for other types of fires 
on the system. An ample reserve supply 
of COz should be kept on hand at all times. 

Fireproofing of cables in manholes and 
vaults should be very liberally applied to 
minimize the danger of a fault being 
communicated to adjacent cables and to 
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reduce the damage which will result 
from a manhole or vault fire. In special 
cases, it may be advisable to install bar- 
riers to segregate one group of cables from 
another. A highly important transmis- 
sion cable in the same manhole with old 
distribution cables might justify special 
precautions. 

Spare materials must be checked and 
watched to assure ourselves that any 
reasonable emergency can be handled 
promptly and efficiently. A proper stock 
of cable in the various lengths required 
should be given careful study. The 
stock of reserve cable should be higher 
than normal, due to the probability of a 
higher failure rate with heavier loads, the 
possibility of extensive damage under 
emergency conditions, and the extended 
delivery required on new cable. Other 
spare materials should include complete 
kits of splicing material, and necessary 
switches, transformers, fuses, network 
protectors, potheads, and any special 
equipment such as oil reservoirs, gas pres- 
sure tanks, and various types of fittings. 
Emergency conditions caused by explo- 
sions, washouts or cave-ins, and fires 
must not be overlooked. Manhole frames 
and castings should be available. Con- 
sideration should be given to using precast 
manholes for emergency replacement in 
cases of extended damage. The installa- 
tion of precast manholes has already been 
shown to be practical and economical? and 
may meet certain emergency conditions. 

Fault-locating equipment and methods 
should be checked. Fault-locating equip- 
ment is available for distribution cable 
which will generally give a prompt and 
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accurate location. This is necessary be- 
fore much other work can be done to start 
repairs. 

Repairs must be made as quickly as 
possible. Temporary repairs which have 
to be remade later are usually not justi- 
fied. This has been verified by incom- 
plete reports from England. Some experi- 
ments have been made with a ‘‘cold-set- 
ting’’ material for making a temporary 
high-voltage cable joint which does not 
require a lead wipe.* This has been found 
to be practical and usable where condi- 
tions require it, such as with very exten- 
sive damage requiring prompt repair with 
minimum skilled labor. 

Salvage methods should be reviewed 
so that maximum advantage is obtained 
from removed cable and material. Duct 
splices have been found uneconomical for 
short lengths of cable but may be neces- 
sary to conserve material and maintain 
emergency stocks. Cable which is unfit 
for use at its rated voltage may be usable 
at lower voltage. Material must not be 
discarded if it can be reused to conserve 
new material. 

A supervisory and alarm system giving 
temperature and pressure indication and 
alarm is a tool which can be used to ob- 
tain the maximum capacity with safety 
from a given system. Temperatures and 
pressures can be watched and the neces- 
sary steps taken to relieve any unsafe 
conditions as they arise. All such sys- 
tems which have been installed or are be- 
ing installed should be checked to see that 
the’ maximum benefit is being obtained 
from them. By combining supervisory 
indication withremote control of switches, 
a very flexible system will result. 


Underground Equipment Limitations 


A considerable amount of research has 
been done on the underground system. 
Cables, ducts, manholes, transformers, 


and cable accessories have been studied 
Table | 
Ratings in Amperes 
(2-Phase 3-Wire—A and C 
Conductors) 
Emergency 
Normal 2-Hour 4-Hour 
As received from field. ..160..... 240 2. esate 200 
After reconditioning 
and silver-plating..... 200 ee 300%. 250 


The above ratings are based on maximum tempera- 
tures as follows: 


Temperature—Degrees C. 
pera tetas Bn A SCA AE 
Normal Emergency 
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and related to each other and to the rat- 


~ ings which may be used with safety. Ad- 


ditional work is in progress in many of the 
companies. In presenting the following 
material, liberal use has been made of the — 
information now available, some of which 


- has been previously presented to the In- 


stitute. 

Circuit capacity may be limited by ap- 
paratus in the circuit, such as switches. 
Tests were made at Philadelphia on a 
subway-type oil switch rated at 200 am- 
peres. These tests revealed that the © 
current-carrying capacity of the switches 
was relatively low, although their appear- 
ance was good, Silver plating of the con- 
tact surface was found necessary to put 
them in satisfactory condition. Table I 
summarizes these tests. 

The B phase leg was the limitation in 
each case. The B phase current is ap- 
proximately 1.4 times the A or C phase, 
so that the switch would be rated some- 
what higher on a three-phase system. 

Equipment of this type, which imposes 
a capacity limitation on the cable, should 
be rebuilt, replaced, or removed. These 
switches are being replaced with a ‘‘drop- 
out’”’ switch in all cases where there is a 
circuit limitation. The new switch has 
adequate carrying capacity and may be 
repaired or replaced without interruption 
to either cable connected to it. 

Transformers and transformer vaults 
may be a limitation either on a network 
or onaradialsystem. In general, under- 
ground transformers have been operated 
at or less than name-plate rating whereas 
overhead transformers are operated con- 
siderably in excess of name plate. The 
peak load on network transformers aver- 
ages only 50 per cent of name-plate rating, 
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Figure 2. Allowable daily peak load for 
various conductor temperature ranges and 
daily load factors 


Three-conductor 350,000-circular-mil 13-kv 
belted paper and lead cable 


ELECTRICAL ENGINEERING 


Ithough individual units may operate 
slose to capacity. This is due to fault 
capacity requirements, provision for load 
growth and use of standard sizes. How- 
ver, individual transformers in a net- 
work may: become overloaded and require 
relief. Vaults designed for a single bank 
may be large enough to install a second 
ank or a _ three-phase transformer. 
Either operating above name plate or 
operating with excess capacity in the 
vault will require added ventilation. 
Natural ventilation may be improved, 
or forced ventilation controlled by a ther- 
mostat may be required. Considerable 
reduction in ambient temperatures with a 
corresponding capacity increase may be 
obtained by ventilation improvement. 

Improvement of vault ventilation and 
subway-transformer cooling has been 
investigated by the Boston Edison Com- 
pany. The maximum safe operating cop- 
per temperature is established as 100 de- 
grees centigrade at 100 per cent load, 
which results in a top oil temperature of 
approximately 80 degrees centigrade. 
During the summer of 1938 the problem 
of excess temperature on subway trans- 
formers became critical and was tem- 
porarily solved by flooding the vaults 
with water from the city mains. This 
method of cooling was entirely satis- 
factory as an emergency expedient, but a 
more permanent method of correction was 
necessary. 

A fabricated steel grating was designed 
and used to replace the four-foot-two- 
inch-by-three-foot-two-inch solid  rec- 
tangular covers in the roof of the vault. 
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This resulted in a reduction of 14 degrees 
in the manhole ambient temperature, 
although the differential between the top 
oil temperature and the manhole ambient 
temperature remained at 22 degrees centi- 
grade. A net capacity increase of 15 
per cent resulted from the reduced man- 
hole ambient temperature provided by 
the open grating. 

The transformer loading was so high 
that this reduction was insufficient to 
reduce the hot-spot temperature to 100 
degrees centigrade. Experiments were 
then conducted with supplementary ex- 
ternal radiators installed on the trans- 
formers. Two cast-iron radiators of 
261/; square feet of rated radiation each 
were used on a 100-kva three-phase cast- 
iron-tank transformer. One of two trans- 
formers in a vault with the open grating 
was equipped with these radiators and a 
ten-day heat run made on each trans- 
former. This resulted in an indicated in- 
crease in capacity of 21 per cent for the 
transformer equipped with radiators 
when installed in a vault with the venti- 
lating grating. 

These tests showed that the combina- 
tion of an open grating and external radia- 
tors on the transformer is equivalent in 
its cooling effect to flooding the manhole 
with water, and results in a more per- 
manent remedy, 


Insulation Limitations 


The problem of cable loading cannot 
be separated from duct and manhole 
design. In order to determine the rating 
of any cable, the number and arrange- 
ment of ducts, the other load in the duct 
bank, the length of the duct run between 
manholes, the depth of the duct run, the 
length of the manhole, and the offset in 
the manhole must be known. Other 
factors involved are the soil conditions, 
the earth temperature, and local heating 
due to steam mains or other subsurface 
facilities. 

Valuable work on the over-all problem 
has been done by the Commonwealth 
Edison Company and the results of these 
investigations presented by Halperin 
in 1939.4 Investigations of safe operat- 
ing temperatures and of the economics 
of duct loading have been made by the 
Consolidated Edison Company of New 
York and reported by Franklin and 
Thomas in 1939.56 The over-all prob- 
lem should receive greater attention both 
in the field and in the laboratory. Pres- 
ent conditions will give a large amount of 
field experience, and adequate data should 
becollected. This willsupply information 
for the operation of the system at its 
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maximum capacity and indicate critical 
conditions which can be corrected before 
they become serious. It will also add 
much to our present knowledge of how 
far we can safely increase ratings of cable 
and duct. In order to do this with the 
greatest benefit to the industry, an agree- 
ment should be reached on definitions and 
basic information to be collected. 

The great majority of the cable which 
is in service in the classification being dis- 
cussed is solid-type paper-insulated cable. 
Only this type of cable will be considered, 


. although some of the factors may be ap- 


plied in modified form to other types of 
insulation. 

The maximum allowable copper tem- 
perature for solid impregnated paper-in- 
sulated cable under the AIEE rule is 90 
degrees centigrade minus the rated volt- 
age in kilovolts, but not more than 85 
degrees or less than 60 degrees. This 
rule covers normal operation of the cable. 
Most users have developed certain work- 
ing rules for emergency conditions. In 
some cases, these do not cause any mate- 
rial temperature rise above the basic 
rule but depend on the heat-storage ca- 
pacity of the cable and duct. In other 
cases, the temperature is permitted to go 
substantially above the recommended 
level for short times at infrequent inter- 
vals. ‘‘Emergency operation’ is defined 
in the Association of Edison Illuminating 
Companies Specification for Impregnated 
Paper-Insulated Lead-Covered Cable, 
Solid-Type (July 1941) as operation at 
temperatures approaching the maximum 
allowable emergency temperature for one 
period per year on the average and not 
for more than four periods in any one 
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Figure 4. Conductor temperature rise above 
ambient 
Interpolated from laboratory test deta 
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twelve consecutive months, each period 
being not more than 24 hours. The 
maximum temperatures permitted are 
115 degrees centigrade for cables operat- 
ing up to 1 kv, 102 degrees centigrade for 
cables operating up to 5 kv and 96 de- 
grees centigrade for cables operating up 
to 15 ky. These temperatures are being 
exceeded in some cases, at least one com- 
pany using 110 degrees centigrade for 
cables up to5kv. Cables up to 15kvare 
generally being operated at a maximum 
emergency temperature of 90 degrees cen- 
tigrade, although some experimental work 
has been done at higher temperatures.*”® 


Duct Limitations 


From the above rules, ratings can be de- 
veloped for cable in various types of ducts, 
duct formations, soil conditions, and duct 
occupancy. Complete empty-duct tem- 
perature surveys are the most satisfac- 
tory method of determining the ratings 
which should be applied to the cables in 
any duct bank. In applying the tem- 
perature rule literally the hot spot must 
be used, since no part of the cable should 
rise above the recommended temperature. 

Duct banks have a definite thermal 
limitation so that many of the old 16-, 
20- or larger-duct lines may be thermally 
loaded, even though there are vacant 
ducts available. Figure 1 illustrates a 
typical summary of the analysis of test 
data for a survey made in Philadelphia 
on a 20-duct bank containing 13 cables. 
The survey consists of taking daily tem- 
peratures by thermocouples installed in 
empty ducts and hourly load readings for 
all cables in the duct bank. The average 
readings for three consecutive days are 
used. 

The analysis considers the existing ac- 
tual load factors of the cables in the duct 
bank. The load factor probably will not 
change sufficiently in a year to materially 
change the results. 

This chart is predicated on the fact that 
the upper limit of duct bank temperature 
(empty-duct air temperature) is deter- 
mined by the rise of copper above empty- 
duct temperature for a selected rating of 
the cable. The cable involved is a 
three-conductor 350,000-circular-mil 13- 
kv belted paper and lead cable. At the 
normal rating of 265 amperes it has a tem- 
perature rise of copper over adjacent 
empty-duct air of 27 degrees centigrade 
as determined by calculation and con- 
firmed by test. With a maximum allow- 
able normal copper temperature of 77 de- 
grees centigrade for this class of cable, we 
must limit the empty-duct air tempera- 
ture to 50 degrees centigrade. This 
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agrees with the findings of Church,!° Hal- 
perin’ and others on the recommended 
maximum duct-bank temperature. 

Similar charts are used to determine 
the need for additional duct lines and 
have been made for many of the critical 
locations. 


Sheath Limitations 


Insulation deterioration is not a serious 
problem with modern distribution cables 
operated at temperatures well above the 
AIEE temperature rule.4~® It is esti- 
mated that the sheath life is from one half 
to two thirds of the insulation life if 
recommended temperatures are observed. 
Temperature variation rather than tem- 
perature level causes the major damage to 
the cable by causing sheath deterioration. 
The absolute sheath temperature does not 
materially change the lead characteristics 
at temperatures below 70 degrees centi- 
grade. Research to extend sheath life 
is being carried on in the laboratory, but 
field experience and investigation must 
come from the cable users to supplement 
the laboratory information. 

Manhole size and design have a very 
definite relation to cable loading. Inves- 
tigations have been made and reported,! 
and additional investigations are in 
progress. The majority of older man- 
holes are too small from the standpoint 
of cable movement, and inadequate pro- 
tection is provided at duct mouths. 
Modern practice provides for a longer 
and wider manhole and for fewer ducts 
with improved protection for the cable 
at the duct mouth. Badly congested 
manholes in critical locations can be 
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materially improved by a program of re- 
building to more modern standards, 
which should result in a material reduc- 
tion in failures due to sheath breaks. — 
Such a rebuilding program would permit 
higher cable ratings on the rebuilt por- 
tion and require very little critical mate- 
rial. Present information is incomplete, 
but generous manhole construction should 
be provided wherever the space is avail- 
able. Halperin‘ has recommended a mini- 
mum manhole of 10 by 6 feet for three- 
conductor 500,000-circular-mil 13-kv - 
cable, and 8 by 4/2 feet for three-conduc- 
tor 5-kv cable of 375,000 circular mils or 
less, 

Small cables have less cable movement 
for the same temperature variation than 
large cables. Cable conditions can be ma- 
terially improved by using three single- 
conductor cables of the same copper cross 
section in place of one three-conductor 
cable. This will result in a substantial 
reduction in the sheath damage without 
any decrease in the rated loading of the 
cable. One objection on certain applica- 
tions is that the cable impedance will be 
increased approximately ten per cent 
so that such a cable cannot be operated in 
parallel with an existing three-conductor 
cable. However, on radial feeders a sub- 
stantial increase of the cable rating will 
result from the use of single-conductor 
cables. 

Cable movement has been related to 
temperature variation.‘ Cable move- 
ment has been related to sheath damage 
to show that increased movement results 
in increased damage although present in- 
formation is incomplete. Factors to be 
considered include the size of cable, thick- 
ness of lead, type of lead, frequency of 
movement, size of duct, length of manhole, 
and man-hole offset. Halperin has shown 
that a long length of cable will have pro- 
portionately less movement than a short 
length for equal temperature variations. 
More recent information has indicated 
that up to a variation of 25 degrees centi- 
grade, the movement at the duct mouth 
for 800- to 900-foot lengths is the same 
as for 300- to 400-foot lengths. Long 
lengths of transmission cable have been 
installed in Chicago, Cincinnati, and 
Newark. The experience with these 
cables will be valuable for future installa- 
tions. 

Temperature variation is dependent 
upon load factor, since, if the load does not 
change, the only temperature variation is 
due to the duct-bank temperature change. 
Figure 2 shows the peak load plotted 
against the daily load factor for various 
temperature ranges. The range is the 
same for a 6,500-kva peak at 95 per cent 


ELECTRICAL ENGINEERING 


Pat 

or as for a 3,000-kva peak at 73 
r cent load factor. These values are 
omputed but field investigation indicates 
hey are conservative. Sheath damage 
is a function of cable movement which in 
‘urn is a function of temperature varia- 
tion. A high load factor will reduce the 
sheath damage and, therefore, permit 
higher loading of the cable. 

Two customers in Philadelphia illus- 
trate the variation that may be expected. 
One is an oil refinery with a load factor of 
better than 95 percent. The second is an 
electric furnace with a load factor of less 
than 60 per cent. The latter is full load 
for approximately three hours and no load 
for approximately two hours, then repeat. 
The normal rating assigned to these cables 
is the same for both customers. No 
sheath damage is expected from the first 
but an extreme amount from the second. 
‘Unfortunately, the experience has been 
too short to be of any value. 


Emergency Ratings 


Ratings have been applied to 13-kv 
paper-insulated three-conductor belted, 
-350,000-circular-mil cable in Philadelphia 
as shown in Table II. 

These calculations are based on six 
cables per duct bank with a 75 per cent 
load factor, 20 degrees centigrade earth 
temperature, and result in a normal-load 
copper temperature of 77 degrees centi- 
grade. The emergency ratings are based 
on various time-temperature tests to give 
a maximum copper temperature of 90 
degrees centigrade. Figure 3 shows labo- 
ratory test data and Figure 4 shows vari- 
ous ratings interpolated from the labora- 
tory test data. The laboratory setup 
was arranged to simulate field conditions 
and was later checked in the field and 

found to be quite accurate. Figure 5 
shows the per cent of maximum tempera- 
ture plotted against time for all loads. 

An interesting example of the punish- 
ment which can be taken by cable is the 
Delaware-Richmond 13-kv tie line in 
Philadelphia. This consists of six cables 
between two generating stations. Origi- 
nally in 1926 it was given a rating of 265 
amperes per cable, which, due to duct con- 
ditions, is about ten per cent above that 
permitted by the AIEE rule. This was 
operated at or above its rating for a num- 
ber of years, and then in 1936 for station 
economy reasons the rating was in- 
creased to 289 amperes. The failure 
rate doubled following this increase, and 
in 1937 it was reduced to the original rat- 
ing. The average failure rate during the 
period of service has been 28.5 per 100 
miles, which is a high rate but, neverthe- 
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_ less, would result in an average cable life 


of 29 years. Cable-failure rates of this 
order are extreme and cannot be con- 
sidered good practice. However, in spite 
of this high failure rate, the life is so long 
that obsolescence and system changes 
have to be given equal weight with serv- 
ice failures. In the fifteen years of 
operation there have been 95 failures, 28 
in the first 10 years and 67 in the last five 
years, This latter period includes the 
period of increased rating. During the 
past 2!/; years, accurate failure records 
have been kept and show that 80 per cent 
of the failures can be attributed to cable 
movement, Manholes in this entire duct 
run are small and severely congested, 
and much of the damage is attributed to 
this. More modern manholes with ade- 
quate space would result in a very sub- 
stantial reduction in the failure rate. 
Cable can be punished severely year after 
year and continue to operate. The eco- 
nomics of this case indicate that it has 
been good business to operate the cables 
this way.° 

Cable rating must be distinguished 
from cable loading in the operation of a 
system. The practice in some companies 
is to establish a rating for the cable but 
permit the loading to reach only 85 per 
cent or 90 per cent of the rating. If the 
system of rating is reliable, the forecasted 
load should be permitted to equal the 
rating. In one case® the cable rating for 
50 cables was raised to a basis of 100 de- 
grees centigrade copper temperature, but 
later records showed that cable loading 
had been very little higher than under the 
old rating. However load growth will 
gradually change this so that additional 
capacity will result. Capacity will be 
made available by working the cable load- 
ing right up to the rating. This should 
be on the basis of average loading and not 
on short-time swing peaks. 


Conclusions 


Past investigations and recommenda- 
tions have been based on restricted ex- 
perience obtained in the laboratory or on 
relatively small test installations in the 
field. There is every reason to believe 
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that the period we are now going through 
will result in creating a giant laboratory 
out of our present systems, Our first re- 
sponsibility is to continue to carry the 
load and all load which is added, To do 
this we must search out and eliminate the 
“hot spots” and “bottlenecks,” Material 
must be used where it will give the great- 
est return. Secondly, we should get the 
greatest possible return from this condi- 
tion to use in future design to build bet- 
ter and more economical systems. An 
investigation of the following conditions 


will permit us to do both of these intelli- 
gently: 


1. Earth temperatures in the vicinity of 
duct lines. 


Oh, Duct-bank temperatures—studies of 
various types of duct banks with respect to 
construction and environment. 


3. Cable-sheath temperatures—correlation 
of cable-sheath, occupied-duct, and empty- 
duct temperatures. 


4. Cable loading—hourly load readings 
with special consideration to emergency 
and abnormal conditions. This should be 
related to above surveys. 


5. Cable movement—the relation of cable 
movement, load changes, section lengths, 
and load factor. 


6. Cable operating performance—careful 
analysis of cable failures and sheath breaks. 
Particular attention should be given to fail- 
ures due to expansion and contraction and 
to thermal insulation failure. 


Summary 


1. Provide all reasonable safeguards for the 
system. 


2. Prepare for emergencies and rapid res- 
toration of service. 


8. Provide adequate emergency stocks of 
cables and accessories. 


4. Maintain an adequate inspection and 
maintenance program. 


5. Maintain complete records for use in 
determining present ratings and future re- 
visions. 


6. Review ratings of all cables and permit 
load to reach rating. 


7. Rearrange load connected to cable to 
improve load factor. 


8. Provide adequate reliability to all load 
by alternate routes. 
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1. Introduction 


HE purposes of this symposium in 

relating distribution engineering to 
the present war emergency have been 
fully introduced and set forth in the open- 
ing paper so that further elaboration will 
be unnecessary here. As indicated by 
the title, the discussion in this paper will 
be confined principally to transmission 
substations and subtransmission lines, all 
as a means of supplying distribution sub- 
stations. An attempt will be made to 
explore ways and means by which more 
capacity can be obtained from a given 
amount of material and labor, both in 
existing facilities as well as in the design 
and construction of new facilities. 


7». Transmission Substations 


It might be said that transmission sub- 
stations are the beginning of distribution, 
since such substations furnish the supply 
to subtransmission lines, which in turn 
supply the distribution substations. The 
importance of transmission substations in 
relation to the present war-emergency 
program is very great. With the excep- 
tion of generating facilities, the possi- 
bilities of their becoming bottlenecks on 
the system may be more acute than al- 
most any other system element, because 
of the larger size and more or less special 
design of equipment required for each 
particular substation. For this reason 
it is particularly desirable to explore the 
possibilities of getting more capacity 


from existing equipment, and to design 
new substations in such a way as to use 
material and labor most efficiently. 


TRANSFORMER CAPACITY 


While the problem of obtaining larger 
capacity from transformers is, in many 
respects, the same, whether these trans- 
formers are in a transmission substation 
or a distribution substation, there are 
some essential differences. For example, 
the transmission substation transformers 
are usually of much larger capacity and 
more or less ‘‘tailored” to fit a particular 
job, and, hence, there is less possibility of 
shuffling them around from one substa- 
tion to another, as is often done to ad- 
vantage with distribution-substationtrans- 
formers. Also, because of the greater 
dependence placed upon such units in 
supplying not one, but a considerable 
number of distribution substations, rela- 
tively greater care in maintenance and 
in any procedure used in overloading such 
capacity should be exercised. 

Several possibilities for getting in- 
creased capacity from transformers, some 
of which will also be discussed in a com- 
panion paper dealing with distribution 
substations, will be suggested below. 

On existing self-cooled transformers it 
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put. 


is possible in practically all cases to obtain 
an increase of 25 per cent to 33!/3 per cent 
in capacity by the application of fans or 
blowers for forced-air cooling. Where 
the transformers were originally designed 
for such cooling, such a procedure would, 
undoubtedly, be adopted forthwith when 
increased capacity is needed, and no 
particular problem would be involved. 
Permanent blower or fan equipment 
should be obtainable within a few weeks. 

On self-cooled transformers not origi- 
nally designed for it, the application of 
forced-air cooling must include a check on 
the current-carrying capacity of leads, 
bushings, and so on, with a possible 
change, if necessary, in some of these to 
make sure that all parts of the circuit are 
adequate for the larger transformer out- 
In extreme emergencies, any type 
of fan, even a large portable fan, could be 
used to obtain a quick capacity increase. 

In the case of self-cooled transformers 
already equipped with forced-air cooling, 
and for water-cooled transformers, an in- 
crease in capacity can be obtained by 
forced oil circulation with external coolers 
or radiators. These radiators can be air- 
cooled, or in extreme cases could be cooled 
by refrigeration. 

It should be noted that to get the full 
cooling effect and resulting maximum 
capacity out of water-cooled transform- 
ers, the cooling coils must be maintained 
in good condition and free from internal 
scale or deposit. A thorough cleaning of 
cooling coils has often resulted in a sub- 
stantial capacity increase. 

The use of external water spray may be 
found of value in certain emergencies, 
particularly during hot weather. While 
this method does not offer a large increase 
in capacity, at the same time it is inex- 
pensive where water is readily obtainable, 
and can be applied very quickly when 
needed. 

Referring again to a companion paper 
on distribution substations, mention is 
made of the possibility of loading trans- 
formers on a temperature basis to values 
well beyond name-plate ratings, and 
references are made to material published 
on this subject. The basis of all of this, 
of course, is the fact that most trans- 
formers possess a certain amount of in- 
herent overload capacity, varying with 
the load factor and ambient temperature 
conditions under which the transformers 
operate. Since we may be forced to use 
this overload capacity whether we choose 
to do so or not, it may be possible to do it 
more safely and intelligently in the light 
of quantitative analyses as to the effect 
of overloading on the over-all life of typi- 
cal transformers, and from these, arrive at 
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A 


Pats 
i : 


LOAD IN % OF RATED KVA 


formers 
Load factor 67.5 per cent 
Assumed peak load 130 per cent 


some measure of the amount of overload- 
ing which can be reasonably tolerated. 

As an example of the type of analysis 
which can be made, Figure 1 gives a 
typical assumed load curve in which the 
peak load is 25 per cent above the trans- 
former rating. Based upon this loading, 
Figure 2 has been prepared showing the 
loss or consumption of life in this trans- 
former for various levels of ambient 
temperature. This analysis has been 
made on the basis of data published by 
Nichols and others? and obtained from 
exhaustive tests on the effect of tempera- 
ture on the life of insulating materials in 
oil, It is obvious from Figure 2 that a 
lowering of the ambient temperature by 
only a few degrees very greatly reduces 
the effect of a given overload in consuming 
the useful life of the transformer. 

Actually the data used in the above 
analysis are believed to be well on the 
conservative side. For one thing, the 
ratio between copper and core losses has 
been taken as 2.75, which is considerably 
higher than average practice. A lower 
ratio would obviously mean a smaller in- 
crease in heating on overload. This and 
other margins of safety in the figures 
used, along with results of field experience, 
tend to support the conclusion that actual 
transformer life would be considerably 
better than indicated by the analysis. 

A particular instance where it may be 
considered entirely permissible to make 
rather liberal use of the inherent overload 
capacity of transformers would be in the 
case of an outage of one unit where two 
ynits are normally operated in parallel. 
While it should be done only on the basis 
of some knowledge or analysis as to the 
ss of life involved, nevertheless, a much 
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Figure 2. Daily loss-of-life 

curve for transformers opera- 

ting on load curve of Figure 1 

at various ambient tempera- 
tures 


higher rate of consumption of life could 
be allowed in this case as against the cost 
and, particularly during the present 
emergency, the availability of full spare 
capacity to carry the entire load. Asa 
matter of fact, this practice, at least to a 
degree, would be sound economics during 
normal times. 


PORTABLE CAR-MOUNTED TRANSFORMERS 


As pointed out above, the transformers 
used in transmission stations are usually 
fairly large and more or less “‘tailored” to 
fit a particular job, as compared with dis- 
tribution station transformers. For both 
of these reasons, there results the possi- 
bility of a serious bottleneck to the supply 
of power in case of 


1. A serious transformer failure. 


2. A sudden demand for increased power, 
either at an existing location or at a new 
location for which it may not be possible to 
obtain new transformers within the available 
time. 

To take care of such emergencies, pri- 
marily on transmission substations, there 
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Figure 3. Small-capacity transformer tapped 
to 132-kv transmission line with minimum 
protection 
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have been designed and constructed for 
one system, the system with which the 
author is associated, portable emergency 
transformers permanently mounted on 
specially designed railroad cars and ar-— 
ranged with a considerable number of 
voltage, tap, and phasing combinations 
to cover practically all of the transmis- 
sion-substation requirements on the sys- 
tem. The capacity of these transformers 
was made as large as railroad clearances 
and other limitations would permit, and 
the entire equipment includes lightning 
arresters and all necessary auxiliaries 
mounted on the cars. With the exception 
that lightning arresters must be dis- 
mantled during transportation, the entire 
transformer is carried complete with 
bushings and oil in place ready to operate 
as soon as it reaches its destination. 

Because of the extreme range of re- 
quirements to be covered by such trans- 
formers, two complementary units of 
approximately equal capacity and physi- 
cal size were used. One of these, with a 
three-phase capacity of 15,000 kva, was 
designed for stepping down from 132 kv 
and 110 kv to any of the lower voltages 
down to and including 11 kv. Trans- 
formations from 132 kv to 110, 88, and 66 
kv were obtained by autotransformer 
connections, while other voltages were 
obtained by two-winding combinations, 

The other unit, having a three-phase 
capacity of 17,000 kva, was designed to 
cover the intermediate step-down ratios 
from 88 kv, 66 kv, and 44 kv down to 
lower voltages from 44 kv to and including 
11 kv. 

The size and weight of these trans- 
formers, approximately 85 tons each, re- 
quires each unit to be permanently 
mounted on a special 100-ton, drop-frame- 
type railroad car, which is designed, how- 
ever, to meet all the requirements of the 
Interstate Commerce Commission and 
the Association of American Railroads. 
The cars are registered with the latter 
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Figure 4. Medium-capacity three-phase trans- 
formers tapped to transmission line with auto- 
matic air-break switches 
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Figure 5. Large-capacity transformer bank 
tapped to transmission line with automatic line 
sectionalizing 


and subject to the same obligations and 
privileges as any other railroad freight 
car. 

Inasmuch as railroad sidings are not or 
cannot be made available at all of the 
transmission substations or other possible 
locations where it might be necessary to 
use these portable “‘universal” transform- 
ers, it will be necessary at such locations 
to unload a transformer from its car and 
transport it over highways, using special 
highway trailers owned by local contrac- 
tors. For this purpose the weight can be 
materially reduced by removing the oil 
and some other equipment from the 
transformer. 


SWITCHING EQUIPMENT 


As in the case of distribution stations 
themselves, as pointed out in a companion 
paper, the rapid expansion of electric sys- 
tems now taking place, and which will un- 
doubtedly continue to a large extent dur- 
ing the war emergency, creates a serious 
problem in connection with the interrupt- 
ing capacity of circuit breakers at trans- 
mission stations. In many cases the 
growth of systems far in advance of expec- 
tations has brought about circuit-breaker 
duties in excess of capacity at stations 
fairly recently built, or where circuit 
breakers have recently been modernized. 
A number of procedures may be suggested 
for taking care of this circuit-breaker 
problem. 

Probably the most economical solution, 
where it is applicable, is the rebuilding or 
modernizing of circuit breakers to increase 
their interrupting capacity ; this, of course, 
can only be done in certain cases where 
the breakers are of older design, and 


3% ON 12000 KVA 242-6 
15 Ml. 470 CU 


15 Ml. 4/0 CU. 


24 000 KW- 


[}~<() = 
22 KV BUS 


Figure 6. Original layout for 24,000-kw 
load 


114. TRANSACTIONS 


where an increase in. capacity can be 


brought about in the rebuilding process. — 


Such a program should result in a sub- 
stantial saving in material and labor and 
generally also in cost over the complete 
replacement of the circuit breakers. 

A second solution, which, in many 
cases, may permit the necessary expansion 
of the station and, at the same time, hold 
down the interrupting duty on the circuit 
breakers to avoid the necessity of replace- 
ment, will be to split the bus into two or 
more sections, either with or without re- 
actors to tie the sections together. Unless 
the system is designed on a well-balanced 
basis for operating independent bus sec- 
tions, it will probably be necessary to use 
reactors to tie the sections together. In 
some cases it may he necessary to employ 
both of these procedures, that is, to sec- 
tionalize the bus and to rebuild the circuit 
breakers as well. 

The third, and perhaps final alternative, 
will be to install new and higher-capacity 
breakers where the existing breakers are 
hopelessly inadequate. This, of course, 
does not save either cost or material, ex- 
cept where it may be possible to make use 
of the existing breakers at other locations 
for which new breakers otherwise would 
have to be purchased. This “shuffling” 
of breakers, with the purchase of only 
larger sizes wherever possible, and the 
shifting of smaller breakers to lesser loca- 
tions, is sound practice from an engineer- 
ing and economic standpoint, not only 
during emergencies but during normal 
times as well. 

Disconnecting switches and air-break 
switches should not ordinarily present a 
problem in connection with increased 
loading on transmission substations but 
should be carefully checked and main- 
tained, along with other equipment in the 
station, to be sure that adequate carrying 
capacity is available. Overheating of 
such switches will lead to progressive 
weakness and eventual failure if not taken 
care of, 


3. Tapping Transmission Lines 
With Low-Cost Transmission 
Substation 


It has been generally believed in the 
past that important transmission lines 
should be used only to carry relatively 
large blocks of power between generating 
sources and major transmission stations, 
and that such lines should not be tapped 
to supply relatively small loads, because 
of the additional hazard imposed on the 
transmission lines. However, the econo- 
mies made possible by occasionally tap- 
ping transmission lines with a relatively 
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inexpensive step-down transformation 
have been so great that more and more 
installations have been made. Experi- 
ences with these installations, and the de- 
velopment of methods for installing and 
protecting such equipment, as well as the 
transmission lines themselves, have 
brought this practice to the point where it 
is now considered a very practical and 
successful means of providing service at 
many suitable locations. If a transmis- 
sion line is available near the desired loca- 
tion, a tap on the line may be the logical _ 
and economical means of supplying loads 
directly, or reinforcing the supply to an 
overloaded subtransmission system. The 
alternative means of supplying a load by 
extending and reinforcing the subtrans- 
mission system may be much more expen- 
sive both in material and labor. 

Many such installations have been 
made on the systems with which the 
author is associated, particularly for step- 
ping down from 132,000 volts to various 
voltages all the way from 66,000 to as low 
as 4,000 volts. These transformer in- 
stallations vary from the very small ones 
as low as 1,500 kva in capacity for serving 
a 4,000-volt load, to as high as 18,000 kva 
for reinforcing a 66,000-volt subtransmis- 
sion system. The smaller installations, 
for obvious economic reasons, are made as 
simple as possible with a minimum of pro- 
tective equipment. For this reason it may 
not be feasible to provide for clearing the 
transformer in case of fault in the trans- 
former, so that it is necessary in this case 
to take the risk of transformer damage. 
Experience for a number of years, how- 
ever, has been quite satisfactory in this re- 
gard. Figure 3 shows a typical installation 
of a small1,500-kva three-phase transform- 
er tapped to a 132-kv transmission line. 


For larger stations and loads, more 
elaborate protective equipment is justi- 
fied, although not the expense of high- 
voltage circuit breakers. Figure 4showsa 
typical medium-capacity station with 
automatic air-break switch protection for 
the high side and with a differential-relay 
scheme for clearing the transformers in 
case of trouble. The two main functions 
of the protective equipment in this case 
are as follows: 


1. For a transmission-line fault, the trans- 
former is disconnected by means of its low- 
voltage circuit breaker from the subtrans- 
mission system, which would, otherwise, 
feed into the transmission-line fault through 
the transformer. To provide positive re- 
laying of the transformer switch in case of 
line-to-ground fault on the transmission 
line, it is necessary that the transformer be 


wye-connected on the high side with neutral 
grounded. 


2. For a fault in the transformer itself, the 
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ransmission line is opened by its own relay- 
ing and the transformer disconnected from 
the low-voltage side by its own differential 
relays. Immediately thereafter, during an 
interval of approximately one minute while 
the transmission line remains de-energized, 
the transformer high-voltage air-break 
‘switch is opened up automatically from the 
ae of the differential relays. Fol- 

lowing this the transmission line is restored 
to service. 


: The desirability of providing a 

_ grounded wye-connection on the high side 

_of such a transformer may add slightly to 

the cost of installation: 

1. By necessitating a delta-winding on the 

transformer if it results in a wye-wye 
connection. 


2. By requiring the installation of a 
grounding transformer for the low-voltage 
bus if it results in a wye-delta connection, 
and it is also desired to establish a neutral 
ground at that point for the low-voltage 
system. 

This additional cost, however, is usually 
considered well-justified to obtain the 
more complete relay protection which it 
affords. 

While carrier-current relaying is actu- 
ally employed on the transmission lines to 
which this station is connected, its use is 
not essential to the carrying out of the 
protective functions described above, ex- 
cept with regard to the ultrahigh-speed 
reclosing on the transmission lines. The 
operation of the transformer-differential 
relays provides a carrier impulse which 
stops the line from reclosing in case of a 
transformer fault; otherwise, the line 
would reclose on the transformer fault the 
same as for a fault on the line itself. 

A still larger station with the most com- 

plete automatic protection obtainable 
without using high-voltage circuit break- 
ers is shown in Figure 5. Here the trans- 
former installation is large enough to jus- 
tify the use of three single-phase units 
with a fourth as a spare. The manner in 
which transformer-differential protection, 
as well as transmission-line sectionalizing, 
is accomplished in this station, using auto- 
matic air-break switches only, is described 
as follows: 
1. Fora permanent transmission-line fault 
on either side of the station, the entire line is 
cleared, along with the low-voltage trans- 
former breaker, and remains open for an 
interval of approximately one minute during 
which the two line-sectionalizing air-break 
switches are opened. Following this, both 
line sections reclose, the good one remaining 
closed, and the faulted one tripping and 
locking out. The sectionalizing air-break 
switch, on the line which remains energized, 
then recloses, restoring service to the trans- 
former bank. The final step is the reclos- 
ing of the 66-kv circuit breaker on the low 
side of the transformer bank. 


2. For a fault in the transformer bank, 
both the line and the transformer low- 
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voltage breaker are cleared, but, in this 
case, the differential relays act to open up 
the transformer high-voltage air-break 
switch instead of the line-sectionalizing 
switches, after which the line recloses and 
the transformer bank remains de-energized. 


As in the station of Figure 4, carrier-current 
relaying and ultrahigh-speed reclosing are 
used on the transmission line, and, for a 
differential-relay operation on the trans- 
former bank, a carrier impulse is sent out to 
prevent the instantaneous reclosure of the 
line into a transformer fault. 


The satisfactory operation of these sta- 
tions, and of many others of which they 
are typical, has fully established the 
soundness of this method of supplying 
power directly from transmission lines at 
relatively low cost. The use of this device 
wherever favorable opportunities are pre- 
sented offers one possibility for supplying 
power to distribution substations, and, in 
some cases, to distribution loads directly, 
with the most efficient use of equipment 
and labor. 


4. Subtransmission Lines, Existing 
and Proposed 


The term “‘subtransmission lines,’ as 
used in this paper, refers to the inter- 
mediate voltage systems, such as 22 kv 
up to and including 66 kv, which are 
generally used to supply distribution sub- 
stations. Such lines, of course, may be 
supplied either from transmission sub- 
stations or direct from generating plants. 
The rapid growth of load brought about 
by the present war emergency has posed 
the problem of getting more capacity out 
of existing lines, or of providing increased 
capacity in one way or another with a 
minimum expenditure of material and 
labor. While a most favorable solution of 
the problem will, of course, depend upon 
the particular factors and limitations in 
each situation, an attempt will be made to 
suggest methods of obtaining increased 
capacity in a number of typical situations 
that may come up. 


SHoRT LINES—THERMAL LIMITS 
CONTROLLING 


For lines that are relatively short with 
respect to the amount of power and volt- 
age, the capacity limitation may be al- 
most entirely a matter of the thermal 
limits of the conductors themselves, rather 
than limitations due to voltage regulation. 
In many cases, however, both of these 
limitations must be taken into account. 
Typical ways of obtaining capacity in- 
creases in situations of this kind may be 
suggested as follows: 


1, Where several circuits with conductors 
of moderate or small size are already oper- 
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NEW LINE AND BREAKER 


Figure 7. First step to increase capacity of 
lines to serve 40,000-kw load 


ated in parallel, the most economical and 
efficient method of obtaining an increase in 
capacity may be the rebuilding of such cir- 
cuits with a considerably larger conductor, 
on the assumption, of course, that the ex- 
isting conductor can be salvaged for needed 
use elsewhere. This method offers certain 
substantial savings in that 


1. No additional terminal switching is required. 
2. No additional right-of-way is required. 


8. Inthe case of wood-pole lines in good condition 
few if any structures will have to be replaced. 


If the use of larger conductors alone is in- 
sufficient to provide the necessary increase 
in line capacity, it may become necessary to 
construct additional circuits which, because 
of right-of-way difficulties, will usually be 
at least as long if not longer than the existing 
circuits. In such an event, the use of a 
larger conductor on the new circuit will be 
of little advantage, unless the conductors on 
the original circuits are enlarged at the same 
time. In other words, if the existing cir- 
cuits are not changed, any attempts to load 
up the new circuits in proportion to their 
larger conductor capacity would result only 
in exceeding the thermal limits of the exist- 
ing circuits. 

As an illustration, Figure 6 shows a typical 
case of three parallel 22-kv lines serving a 
24,000-kw steel-mill load. The reactors in 
these feeder circuits were originally installed 
to limit the interrupting duty imposed on 
the feeder circuit breakers. Two steps of 
increased capacity were required, first about 
a 50 per cent increase to a load of 36,000 kw, 
and later an increase to more than double, or 
approximately 70,000 kw. In carrying out 
these steps, the procedure outlined above 
was actually reversed because of the pres- 
ence of the reactors in the original feeder 
circuits. Figure 7, therefore, shows the 
first step, which consisted of building a new 
circuit of 350,000 circular mil of copper to 
operate without any reactor and in parallel 
with the three existing circuits. Asa result 
of this arrangement, the new circuit, both 
from the standpoint of thermal limit as well 
as actual impedance, had a capacity of 
approximately 11/2 times that of the old 
circuits, and thus provided the necessary 50 
per cent increase in over-all capacity. 


NEW BREAKERS 
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70 000 KW 


1.6 MI. 350000 CM. CU. 


22 KV BUS 


Figure 8. Final layout to serve 70,000-kw 
load 
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Figure 9. Unequal impedances of lines in 
parallel—resulting in bottleneck 


The final arrangement of the setup, to in- 
crease the capacity to approximately 70,000 
kw, was then obtained as shown in Figure 8. 
Here the reactors in the original three cir- 
cuits were removed, new circuit breakers of 
adequate interrupting capacity were in- 
stalled, and the existing number 4/0 copper 
line conductors were replaced with 400,000 
circular mil of copper. Both the breakers 
and line conductors removed in this process 
were used elsewhere. 


In this case at least three new circuits of the 
same capacity as the original circuits would 
have been required to handle the final load 
increase so that the method of changing 
conductor size resulted in a net saving of 
two circuits with all the terminal equip- 
ment, line construction, and so on, pertain- 
ing thereto. At the same time, voltage 
regulation under the final setup was quite 
satisfactory. 


2. In other cases of relatively short heavily 
loaded lines, it may not be feasible to change 
existing conductors; for example, where 
steel tower lines are already carrying the 
maximum physical load. Such a situation 
may be further aggravated by the necessity 
of taking a longer route for new circuits. 


Figure 9 shows a typical instance where one 
number 2/0-copper double-circuited line 
constituted a bottleneck when operated in 
parallel with other circuits of larger conduc- 
tor size. Here the installation of a reactor 
in the number 2/0 copper circuits eliminated 
the bottleneck and allowed all of the circuits 
to carry load commensurate with their ac- 
tual thermal limitations. At the same 
time, with the fairly short lines involved, 
no voltage regulation problem was intro- 
duced by the use of the reactor. 


MepiuM Lencty LINES—BOoTH THERMAL 
LIMITS AND VOLTAGE REGULATION 
INVOLVED 


In some situations, it may be necessary 
to increase the capacity of an existing 
system, consisting of a number of circuits 
of medium or small conductor size, which 
cannot readily be changed for physical 
and economic reasons. Because of increas- 
ing right-of-way difficulties, as in the 
cases mentioned above, it is often neces- 
sary that any new circuits constructed to 
relieve the old circuits be of longer length 
which immediately defeats the purpose 
of using larger conductor size or even the 
same conductor size. At the same time, 
the use of reactors in the existing circuits 
would be undesirable from the standpoint 
of voltage regulation as well as from the 
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standpoint of the number of circuits in- 
' volved. 


For a typical situation of this kind, 
shown in Figure 10, it was desired to con- 
struct two new circuits of relatively high 
capacity to operate in parallel with four 
existing circuits of medium capacity, but 
right-of-way conditions necessitated a 
longer route for the new circuits. A solu- 
tion was found in the use of a series 
booster transformer of simple design con- 
nected in each of the two new circuits and 
operated as part of the line. Using a 60- 
degree series voltage, obtained from an 
adjacent phase of a wye-connected trans- 
former as in the zigzag transformer con- 
nection, these transformers introduced 
both a voltage boost and a phase-angle 
shift to force the line to carry a heavier 
share of both kilowatts and reactive kilo- 
volt-amperes. The desired results in load- 
ing, as shown by Figure 10, were obtained 
with only 2!/, degrees angle shift and the 
corresponding voltage boost of about 2'/, 
per cent, which required a series winding 
of only five percent. Such an installation, 
even allowing for a maximum angle of 
five degrees for future contingencies, can 
be made relatively inexpensively, as it 
does not require additional switching 
facilities or a transformer designed for 
changing taps under load. Taps, of course, 
should be provided, but can be changed by 
momentarily de-energizing one circuit ata 
time. The amount of phase angle re- 
quired is so small that it should not be 
necessary to remove it under light load 
conditions. 


LONGER SUBTRANSMISSION LINES— 
VOLTAGE REGULATION CONTROLLING 


In some situations, the length of lines 
and loading is such that voltage regula- 
tion rather than thermal limitations is the 
determining factor. If the system is laid 
out with sufficient circuits to give reliable 
loop service, the use of some means for 
voltage regulation is probably the most 


Figure 10. New circuits with 

larger conductor but greater 

length compensated to pick 
up load 
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efficient and economical way of increas- 
ing system capacity. If not too many sta- 
tions are involved, individual regulation 
such as load-ratio-control transformers 
might be used. Where the need for regula- 
tion is quite extensive, it may be more 
economical and otherwise more advan- 
tageous to install one or more synchronous 
condensers for power factor and voltage 
control. The beneficial effect of syn- 
chronous-condenser operation, particu- 
larly if installed at the proper load point 
on the system, extends over the entire 
system and even permeates all the way 
back through the transmission and gen- 
erating systems. The increase in capacity 
provided thereby is usually greater than 
that obtainable from other types of volt- 
age-regulating devices. 

If systems such as these are traversed 
by high-voltage transmission lines, trans- 
former installations tapping directly to 
the transmission lines may offer the most 
economical means of increasing the sys- 
tem capacity and at the same time solv- 
ing the voltage-regulation problem. Even 
with a synchronous condenser installation, 
the problem remains of providing the 
necessary transformer capacity at the 
transmission substations or other points 
of supply for the particular system in- 
volved. 


INCREASE IN CAPACITY BY REVISED 
CONCEPTS IN OPERATING PRACTICE 


In addition to the ways and means dis- 
cussed above for obtaining increased ca- 
pacity in subtransmission systems by 
actual physical changes in these systems, 
there is also the possibility of getting more 
out of existing systems merely by a change 
in prevailing conceptions as to what con- 
stitutes feasible operating practice. In 
other words, during the present emergency 
situation, it may become necessary to re- 
vise existing standards as to the combined 
requirements of service continuity and 
voltage regulation. For example, in cases 
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here thermal capacities have not been 

eached but where voltage regulation is 

the limiting factor, it may be quite proper 

_ to dispense with the common criterion of 

being able to handle the peak load within 

prescribed regulation limits with one line 
out of service, and rather to load all of the 
lines to the point of permissible regulation 

_ and accept an emergency reduced voltage 

if one line goes out. This, of course, can- 

not be carried to an extreme such as 
where the load is supplied by only two 
lines, since the loss of one such line would 

_ result in practically no service at all. It 

_ should be feasible, however, where three 

or four circuits are operating in parallel. 

_ Such a situation, of course, is not the most 

_ desirable and should be avoided if possible 

__ but it may be a necessary sacrifice during 

__ the emergency to dispense with the luxury 

of perfect voltage regulation under all ex- 

_ pected line-outage conditions. 

In other cases, where thermal capacity 
limits do enter into the problem, it may 
be necessary to allow an appreciable en- 
croachment on the normal thermal limits 
on a short-time basis during the outage of 
one line, so that a larger loading can be 
carried with all of the lines in service. 
In defense of such loading, it may be 
pointed out that line outages of long dura- 
tion are relatively infrequent and, fur- 
thermore, the simultaneous occurrence of 
a long-time outage during both a high 
ambient temperature and a low wind- 
velocity condition would be relatively im- 
probable. 


5. Conclusion 


It is realized that only a few of the 
many possibilities that exist for more effi- 
cient handling of the problems of power 
supply to distribution substations have 
been touched upon in this paper. It is 
obvious that for such ideas to be utilized 
at their fullest potentialities, a substantial 
background of system planning and stud- 
ies is needed. But even in such cases 
knowledge of possibly new but tried meth- 
ods of approach should help. 

It is hoped that the suggestions and ex- 
amples which have been given in this pa- 
per will be of value not only as direct sug- 
gestions but also indirectly as an incen- 
tive to further thought and discussion on 
this important subject. 
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Synopsis: Requirements of war will im- 
pose unprecedented demands upon many 
distribution substations. Equipment will 
be overloaded before extensions can be 
built, if at all. New construction must be 
simplified to the bare essentials. Substitute 
materials must be used. Protection and 
maintenance must be intensified and operat- 
ing personnel must be educated to new re- 
sponsibilities and skills. These are dis- 
cussed and means are suggested to meet 
these needs. 


IMITED to that very important part 

of the whole power system indicated 
by the title, that is, the “‘distribution sub- 
station,” it is the purpose of this paper to 
make suggestions, to stimulate thought, 
and to invite discussion of means avail- 
able under wartime conditions to serve 
increased loads, to preserve and protect 
existing equipment, to provide for res- 
toration of service when outages occur, 
and to employ the available materials, 
equipment and man power economically 
in the necessary extensions to existing 
substations and in the construction of 
necessary new substations. 


The authors do not here presume that 
they have exhaustively treated the sub- 
ject, and they confidently expect that in 
addition to their suggestions many other 
means will occur to engineers and operat- 
ing men and will be developed from time 
to time under the varying requirements of 
individual situations. 


More Intensive Use of Existing 
Equipment 


The three principal functions for which 
distribution substations are established 
are: transformation, voltage regulation, 
and switching. Usually, apparatus for 
all these three, together with accessories 
such as line entrances, potheads, cables, 
lightning arresters, busses, instruments, 
meters, and control equipment are 
grouped together in assemblies of varying 
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capacity and complexity, depending upon 
local needs and the preferences of design- 
ers and users. 

Bottlenecks limiting the load which 
may be carried from a given substation 
may appear in many items of the equip- 
ment mentioned. Their correction or re- 
moval often can unlock substantial incre- 
ments of vitally needed capacity. 


TRANSFORMERS 


In general, power companies do not 
load main power transformer banks to the 
limit of their capabilities. However, as 
loads continue to increase during this 
emergency, in advance of the possibility 
of obtaining equipment, many trans- 
formers will have to operate far above 
manufacturer’s rating. 

The idea that a transformer name- 
plate rating is a limit beyond which load 
must never go dies hard, Transformers 
may be operated without distress at loads 
well above kilovolt-ampere ratings upon 
the basis of temperature. There is con- 
siderable material published on this sub- 
ject which can be re-examined with profit 
at this time.1~4 To carry load on trans- 
formers beyond the limit fixed by tem- 
perature: under self-cooling, some form of 
artificial cooling must be used. For this 
purpose, artificial air circulation and 
water jets are most common. Under 
emergency conditions, almost any form of 
fan will circulate the moderate volume of 
air required if there is a sufficient number 
of these fans properly disposed to reach 
the greater proportion of radiating surface 
of the transformer. The use of water 
jets is more effective than air circulation 
but is, of course, confined to those loca- 
tions where supply of water can be made 
available. Forced circulation of the in- 
sulating oil through separately-mounted 
radiators or water-cooled heat exchangers 
is also possible. This scheme is particu- 
larly adaptable to indoor installations. 
By use of these methods of cooling, load- 
ings may be increased, often 50 to 200 per 
cent over name-plate kilovolt-ampere rat- 
ing, depending upon the daily load cycle, 
prevailing ambient temperatures, the 
scheme of artificial cooling adopted, and 
liberalness of design of the transformers 
themselves. 
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VOLTAGE REGULATORS 


Voltage-regulator loadings may be in- 
creased in precisely the same manner as 
transformer loadings, except that in step- 
type regulators, the tap-changing switch- 
ing equipment must be considered. In 
some instances, induction-type regulators 
having series parallel windings can be 
doubled in current capacity by connecting 
windings in parallel but at a sacrifice of 
half the range of regulation obtainable 
when operated in series. It has been too 
often observed that the ‘‘bucking”’ half 
of the available regulating range is un- 
used. In such cases, this reduction of 
range will entail no hardship if the bus 
voltage is adjusted on a scheduled cycle. 
Booster transformers may be installed in 
conjunction with regulators connected in 
this manner to maintain voltage at loca- 
tions where its level at peak otherwise 
would be objectionably low.® 


Circuit BREAKERS 


Increases in current-carrying capacities 
of circuit breakers can be obtained in some 
instances through silver-plating of con- 
tacts and bushing studs, and by frequent 
careful inspection and adjustment to 
assure maintenance of contact pressure. 
Switching arrangements can be adopted 
which place two circuit breakers in 
parallel, but care must be exercised that 
the impedances of parallel leads are equal, 
lest the resulting current unbalance over- 
heat contacts and other current-carrying 
parts of one of the breakers. 

When adding to transformer kilovolt- 
ampere capacity, either by’ replacement of 
an existing bank with larger units or in- 
stallation of additional units, the increase 
of transformer capacity may increase 
fault current sufficiently to exceed the in- 
terrupting capacity of the circuit break- 
ers. In such a case, if the substation has 
two or more transformer banks installed, 
the main bus may be separated into two 
or more sections, thereby limiting fault 
current to a value within the capability of 
the circuit breakers. This method intro- 
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Figure 1. One-line diagram of a double-bus 
substation 
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duces an element of inflexibility into the 


operation of the substation and to that 


extent may be objectionable, but it may 
be the only practical solution to meet the 
situation at hand. Another solution is to 
arrange to trip one or more of the trans- 
former breakers or a bus-sectionalizing 
breaker a few cycles ahead of the feeder 
breakers in cases of high-current faults, 
thereby reducing the current to be inter- 
rupted by the feeder breakers. 

Reactors may be inserted between bus 
sections normally fed from different trans- 
former banks. A method of limiting 
short-circuit current applicable where bus 
sectionalizing is not possible is the inser- 
tion of series reactors in the supply cir- 
cuits. Such reactors will introduce addi- 
tional regulation and losses into the sup- 
ply circuits. This effect, where objec- 
tionable, may be overcome by normally 
short-circuiting the reactors through a 
breaker or fuses co-ordinated with the 
time characteristics and interrupting 
capabilities of the feeder breakers.® 
Series reactors may, in emergencies, be 
“homemade” and constructed from ma- 
terials that are stock items, that is, bare 
copper cable and concrete. 

If a circuit breaker of adequate current- 
carrying and interrupting capacity is 
available, it may be used with appropriate 
relaying as a group breaker to open a 
group of feeder circuits when fault current 
exceeds the interrupting capacity of indi- 
vidual feeder breakers. The analysis of 
individual situations will often indicate 
that the impedance of only a few hundred 
feet of overhead line is required to reduce 
the fault current to a value which can be 
safely interrupted by the feeder breaker. 
By carefully adjusting relay settings, un- 
necessary operations of the group breaker 
can be held to a minimum and conse- 


1-3. Suggestions for release of 
needed substation equipment 


Figures 


Figure 2. One-line diagram of double-bus 

substation converted to main- and inspection- 

bus arrangement releasing four oil circuit 

breakers and four sets of disconnecting 
switches 
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quently only a very small percentage of 
the total tripouts will involve interrup- 
tions on feeders in the group which are 
not in trouble. 

Finally, in some cases, the risk will 
have to be assumed that such faults as 
do occur will not be of maximum magni- 
tude, and hence breakers will continue to 
be used at locations where their interrupt- 
ing ratings are exceeded. This forced 
decision will unquestionably be reached — 
frequently in the days ahead. 

It seems hardly necessary to point out — 
the increased need for thorough and fre- 
quent inspection of circuit breakers during 
this emergency and of keeping them in 
even higher state of operating efficiency 
than has been the practice in the past. 
When apparatus so necessary for protec- 
tion of vital equipment becomes difficult, — 
if not impossible, to replace, its preserva- 
tion assumes great importance and rea- 
sonable added expense to assure that pres- 
ervation is warranted. 


OTHER SWITCHING EQUIPMENT 


Air-break switches and disconnecting 
switches, particularly those of earlier 
manufacture, may have capacities in- 
creased through the silvering of contact 
areas and increase of contact pressure. 
In some cases, this may involve the use of 
clamps installed over the jaws of contacts. 
However, it is fortunate that this appa- 
ratus as installed is generally of liberal 
current rating and is seldom a bottleneck 
in the system. 


CABLES AND Duct LINES 


Forced ventilation of cable tunnels, 
manholes, and duct lines may be required 
to reduce ambient temperatures and in- 
Such 


crease capacity of cable circuits. 


Figure 3. One-line diagram of single-bus 
substation showing portion of distribution cir- 
cuits to illustrate sectionalizing and cross- 
connecting of these circuits to give advantages ~ 

of inspection bus 


Parallel facilities together with such sectional- 

izing facilities as are usual and desirable for 

transfer of load and isolation of faulted sections 
are provided at points A, B, and C 
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tnust be directed so that, in 
ures, , fires will not be spread to 


~~. 


BUSSES AND CONNECTIONS 


Drastic restrictions in use of copper 
have been imposed by the Office of Pro- 
duction Management. Copper as a con- 
ductor of electricity is recognized as 
“necessary, and power companies undoubt- 
edly will continue to obtain the metal, but 
in reduced quantities and after much de- 
lay. This delay may even become the 
equivalent of no deliveries at all in the 
cases of special sizes and shapes of bars 
p and fittings. 

: Busses and equipment leads are usually 
_ of ample current-carrying capacity with- 
f out exceeding the usually accepted tem- 
perature rise of 30 degrees centigrade. 
_ This rise, however, may be materially ex- 
ceeded without deleterious effects on 
| buses, leads or equipment attached to 


_ them. Increase of current in the bus of 

_ the order of 20 per cent above the limit 

fixed by present standards seldom will 

| taise bus temperature more than an addi- 

tional 10 degrees centigrade, if there is 
reasonably adequate opportunity for 
dissipation of heat. Higher operating 
temperatures may require additional pro- 
vision for expansion, some contact sur- 
faces may require silver-plating to reduce 
local heating, and soldered joints may 
need to be replaced by brazed or welded 
joints. Forced ventilation may be re- 
quired to protect adjacent apparatus and 
cables from heat generated within en- 
closed bus structures. In special cases, 
temperature of bus bars may be lowered 
where one section of the bus carries all or a 
large proportion of the total current, 
through rearrangement of incoming and 
outgoing circuits to reduce the current 
carried in any one section. 


OBTAINING ADDITIONAL CIRCUITS AND 
RELEASING SWITCHING EQUIPMENT 


Many substations are in operation 
which have duplicate equipment not 
essential to normal operation. Some of 
this may have to be “‘borrowed” for more 
active duty elsewhere. This often can be 
accomplished without introducing serious 
operating handicaps. Figure 1 and Fig- 
ure 2 illustrate one example of this pro- 
cedure. Figure 3 shows how, in some in- 
stances, this may be carried further, still 
retaining reasonable operating flexibility. 

Where duplicate bus and switching 
facilities are used primarily to permit 
regular maintenance work on the usual 40- 
hhour-week basis, the rescheduling of this 
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REMOVABLE 
LINKS 


Figure 4. Suggestions for doubling number of 
circuits and transformer capacity with no ad- 
ditional switching equipment 
One-line diagram of double-bus substation of 
Figure 1 converted to a dual single-bus sub- 
station with doubled transformer capacity and 
number of circuits 
Parallel facilities similar to those shown in 
Figure 3 are provided at point D 
Interrupting duty on oil circuit breakers is not 
increased by this increase in capacity 


work on a three-shift 24-hour-day basis 
will often permit these changes and sim- 
plifications. 

Figure 4 illustrates a means of doubling 
the number of circuits and the transformer 
capacity of the substation of Figure 1 
without either increasing the number of 
breaker positions or the interrupting duty 
on the breakers. 

Automatic high-speed reclosing has 
been advanced in recent years as a work- 
ing substitute for duplicate service. 
Where this would result in saving new 
construction in the distribution system, 
the rebuilding of older low-speed breakers 
may be avoided in substations arranged 
as in Figure 1 and Figure 2 by the follow- 
ing relay scheme, reference being made to 
Figure 2. To effect this operation, an 
auxiliary relay is connected to the trip 
circuit and auxiliary switches of breaker 
A, such that completion of the opening 
cycle of breaker A energizes the closing 
circuit of breaker By. With disconnect- 
ing switches a, dz and a3 and by, be, bg and 
by closed, tripping of breaker A will then 
automatically close breaker B, and re- 
energize feeder A. 


SraTIcC CAPACITORS 


Where static capacitors are installed on 
distribution systems, consideration should 
be given to their proper location on feeder 
circuits for relief of substation equipment 
and apparatus that may be severely over- 
loaded. 

Installation of capacitors at substa- 
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tions, although not usually as productive 
of over-all system economies as when in- 
stalled near the load centers on feeders, 
may still relieve overloaded condensers, 
transformers, subtransmission circuits, 
and system generating equipment. 
Switching groups of capacitors to control 
the reactive load and bus voltage can 
effectively take the place of synchronous 
condensers or extend the regulating 
range of existing synchronous condensers. 


CUSTOMER CO-OPERATION 


The co-operation of power customers in 
scheduling as much of their operations to 
off-peak periods as practicable offers 
possibilities for releasing capacity in all 
current-carrying facilities. There are 
many industries and commercial enter- 
prises where this off-peak use of power 
can be effected without difficulty and 
others where it may be accomplished 
after careful study and planning. It 
seems likely, in the emergency, that such 
co-operation will not be too difficult to 
obtain where off-peak operation is at all 
practicable. Co-ordination of the main- 
tenance schedules of customers and 
power companies should be developed to 
minimize interference with wartime 
production and the burden on reserve 
facilities. 


EQUIPMENT CAPABILITIES 


Operating men will be able to meet load 
changes and utilize the maximum capa- 
bilities of equipment only by keeping 
themselves more than ever intimately in- 
formed of load conditions and the actual 
capabilities of equipment available, and 
by using utmost ingenuity in applying 
that knowledge. Transformers, regu- 
lators, circuit breakers or other equip- 
ment may become heavily loaded at one 
substation, and replacement by larger 
more lightly loaded units from another 
substation may be indicated. However, 
only through a thorough knowledge of the 
equipment itself and what it may be ex- 
pected to do, can the operating man 
know whether or not the transfer is justi- 
fiable, By keeping information up to 
date, the need for rearrangement may be 
anticipated, planned in advance, and 
changes effected with a minimum of de- 
lay. 

Equipment and materials in stores 
should be inspected and, if necessary, re- 
conditioned for immediate use. There- 
after, these should be maintained in 
readiness in the same manner as those al- 
ready in service. Many units of equip- 
ment and items of material that in more 
normal times would be looked upon as 
obsolete or unsuitable for further use can 
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be reused, either by the company, a sister 
company, or a customer. It is a reason- 
able prediction that reserve equipment 
will be depleted and older equipment 
outmoded or formerly considered inade- 
quate will be found highly useful in the 
days ahead. 


INTERCOMPANY CO-OPERATION 


Consideration should be given to the 
exchange of information among power 
companies as to the availability of equip- 
ment that may no longer be needed for 
use by the one, but invaluable perhaps for 
service by another. There should also be 
merit in a tool-lending and exchange serv- 
ice, similar to that which is understood 
to be in operation among some of the 
Canadian utility companies, and in ex- 
pansion of such service to include replace- 
able equipment and materials. 

Power companies, in the past, have co- 
operated fully in times of need, and in this 
emergency period the utmost co-operation 
is required that all may together better 
perform a difficult job. 


Economies and Conservation in 
New Work 


PLANNING AND DESIGN 


In the design of substations to serve 
wartime loads, a very large ‘factor of 
ignorance’ must be dealt with in the pre- 
liminary stages. Experience has indi- 
cated that actual demands may vary up 
to several hundred per cent from pre- 
liminary figures. 

As scarcity and priority restrictions 
both operate to make materials and equip- 
ment difficult to obtain, initial orders 
should cover the full requirements of the 
work. To run short of materials needed 
to finish construction may seriously post- 
pone operation of the facilities. To in- 
sure against omission of materials re- 
quired for complete construction, plans 
must be prepared in greater detail than 
heretofore considered necessary. This 
greater detail will also assist erection in 
view of the lesser skill and experience of 
the available labor. Extreme care should 
be exercised in obtaining accurate mate- 
rial lists from the plans. Construction 
work must be carried out with fidelity to 
plans, as small changes may call for ma- 
terials not on order and procurable at best 
only after long delay. 

The scarcity of competent men applies 
with double force in the engineering and 
drafting groups, where the detailed plan- 
ning of new work is done. Simplification 
of layout, use of standard or semistandard 
groups of equipment, and elimination of 
“special” items are all essential to keep 
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down the burden of detail and to prevent 
mistakes. 


STRUCTURES 


Structural steel is, at the time of writing 
this paper, a shortage material, and its 
conservation is imperative. This may be 
accomplished through use of substation 
structures of greater flexibility and lighter 
weight, simplification of bus layouts and 
the substitution of wood. 

In the design of steel substations, it has 
been more recent practice to provide 
rigid structures. This rigidity could be 
relaxed materially in distribution sub- 
stations by providing for only slack-span 
attachments of lines to structures without 
sacrifice of needed strength or safety. 
There are many earlier structures of this 
lighter design in service throughout the 
country which continue to stand as evi- 
dence that these lighter, more flexible 
structures are adequate. 

Wood can be substituted for steel in the 
majority of jobs. Where insulation is 
equal to that which would be used on 
steel structures, and where hardware is 
thoroughly bonded and grounded, wood 
structures are electrically equal to steel. 
Many wood structures long have been in 
every-day operation. There is no ques- 
tion but that they can be built to operate 
satisfactorily for all usual voltages, will 
last through the war period, and will con- 
serve materials sorely needed elsewhere. 


Bus AND Circuir ARRANGEMENT 


Many of the plants recently established 
for producing war material provide for 
power supply to at least half of the 
load from each of two sources, including 
separate substations. The practice of 
providing transfer-bus, inspection-bus, or 
other duplicate-bus arrangements for new 
distribution substations should be aban- 
doned for the duration of the conflict in 
the interest of conserving needed materi- 
als and equipment. To serve loads for 
which separate feeds are already provided, 
this practice is inexcusable. To serve 
loads not vital to prosecuting the war, in 
view of the impelling needs of the times, 
the omission is amply justified. Sub- 
stations, if expected to be permanent, 
may well be designed to permit future 
elaboration and installation of additional 
facilities when conditions will permit. 

For high-voltage moderate-current bus 
bars and connections, structural steel 
shapes or steel pipe may be substituted 
for copper tubing or bar so long as copper 
continues to be a shortage material and 
more difficult to obtain than steel. It 
may be necessary to use copper cable as 
bus in lieu of copper tubing or bar, as it 
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seems likely that copper in such form will 
be more readily obtainable and requires 
less labor for production and installation. 
Busses may be reduced in cross sectionat a 


saving of material through design to oper- _ 


ate at higher current density and through 
reducing bus current by locating the 
supply transformer connections as closely 
as possible to the load center of the sub- 
station bus. 


FUSES IN LIEU OF BREAKERS 


Fuses can be substituted for high-side 
breakers in substations of simple layout. 
One precaution may be needed, that is, 
phase-failure relays may be needed to 
open the low-side breakers to prevent 
damage to customers’ polyphase equip- 
ment in case the supply to the high-volt- 
age side is single-phase due to blowing of 
one fuse. With this precaution and with 
proper fuse co-ordination, the installation 
of high-side breakers may be eliminated, 
and indeed has been eliminated under 
normal practice in many situations with 
satisfactory results. 


INSULATION LEVELS 


Insulation levels and insulation co- 
ordination should not be sacrificed in the 
case of simplified substation layouts. 
The cost of protecting service by provid- 
ing adequate insulation strength is very 
little compared with that of duplicate 
facilities, throw-over switches and other 
provisions, which are usually installed to 
permit continued service in case of appa- 
ratus failure. In one case, the cost of the 
next higher level of impulse insulation in 
an important unit of substation equip- 
ment accounted for only five per cent in 
the cost of that one item. This might 
well be considered as representing the in- 
surance necessary to permit elimination 
of permanently installed duplicate or 
spare equipment with accompanying 
switches, bus, and cables. 


TRANSFORMERS 


The power companies which in the past 
made a consistent effort to standardize 
transformer voltages and taps are in posi- 
tion to reap large benefits from this past 
effort during the present emergency. 
One of the advantages of this standardi- 
zation is, of course, that such companies. 
are in position to “play checkers’ with 
their transformers, moving them about 
between substations to meet the shifting 
demands. In this connection, it would be 
well to emphasize the economy of buying 
new transformers only in the larger sizes 
in current use by such a company and in- 
stalling these at locations where smaller 
transformers are overloaded so that they 
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economical than three single-phase units 


|manufacture. It requires a single foun- 
dation of lesser volume, shorter and more 
imple bus connections, and fewer man- 
hours of labor to install. The modern 
bree-phase transformer is reliable in 
operation and its use in substations of 
/moderate capacity should be carefully 
considered as a measure of material and 
labor conservation. 

New substation transformers, whether 
single-phase or three-phase units, should 
be obtained with blowers or at least with 
— for their addition later. Addi- 
tional capacity may be obtained in this 
way ata very small cost per kilovolt- 
ampere, and the economics of losses and 
regulation can well be neglected ‘“‘for the 
duration.” 

j 

_Unir Supsrations 


_ The limit to which substation capacity 
‘may or should be expanded at a given 
site should be very carefully considered 
with respect to the cost in dollars, ma- 
terials and man power of transmission 
and distribution facilities immediately 
associated with it. The development of 
the factory-built single-unit-type sub- 
station consisting of transformer, regu- 
lator, circuit breaker, and auxiliaries in a 
single case offers a very attractive means 
of increasing capacity to serve a given 
area without adding to either feeder ca- 
pacities or substation capacities at an 
existing site. These unit substations are 
particularly adapted to installations where 
it is necessary to reinforce feeder circuits 
by installing such units close to the load 
and breaking up heavily loaded feeders to 
keep load within the capacity of existing 
substations and their outgoing circuits. 
‘The fact that such unit substations may be 
installed quickly and moved quickly tonew 
locations is a decided advantage in meet- 
ing unexpected shifts or additions to loads. 

Unit substations are economical in ma- 
terial and labor required in manufacture 
and require less material and labor of 
erection for foundations, structures, and 
bus work than equivalent conventional 
substations. Their use is of advantage 
also in that labor required for installation 
may be largely of lesser skill. 

During the trying days ahead, the use 
of unit substations may prove to be worth 
while even in instances where such use in 
more normal times might not be consid- 
ered economical. Many of the substa- 
tions erected to serve war loads or loads 
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incidental to war activities will be idle 
after peace returns. Salvage of a con- 
ventional substation involves a consider- 
able write-off, whereas the salvage value 
of a unit substation is high, there being 
little unrecoverable material and equip- 
ment, and a minimum of labor is required 
to move it to another point of use and to 
place it in operation there. 


Restoration of Service 


RESERVE EQUIPMENT 


Difficulty of obtaining priorities for 
additional equipment and the continuing 
growth of load will inevitably bring about 
active use of much of the reserve equip- 
ment of power companies. Restoration 
of service after equipment failure will 
then present a different problem than 
when spare facilities were more plentiful. 
It has been rather general practice to pro- 
vide a spare transformer at every impor- 
tant substation. With increasing need 
for transformer capacity to carry the 
growing load, and the impossibility of ob- 
taining new transformers in any reason- 
able time, it is likely that more of this re- 
serve equipment will be placed in opera- 
tion. It may then be that one trans- 
former will have to serve as a spare for 
several transformer banks, probably at 
substations located some distance apart. 
Such a spare unit should be centrally 
located with respect to the substations 
where it may be required for service and 
kept in readiness for transporting and 
placing in service in minimum time. 
Skids should be in place and the unit 
cribbed to a convenient height for loading 
on the transporting vehicle. Flexible 
leads connected to the bushing studs and 
provided with clamps at the free end will 
save time in placing such a transformer 
in operation promptly. Other heavy 
equipment reserved for use as spares 
should be similarly prepared. 

Transportation facilities for moving a 
spare transformer are, of course, necessary 
but there seems to be little justification 
generally for permanent mounting of 
spare transformers on special trailers. 
Transformers of modern design are relia- 
ble, and it does not appear that the delay 
occasioned in loading will justify the cost 
of transportation equipment that would 
be reserved for a single service and would 
remain idle over extended periods of time. 
In these times, we must recast our notions 
of what is necessary and what may be 
only desirable. 


PORTABLE SUBSTATIONS 


In this period of emergency, portable 
substations in general do not seem to offer 
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outstanding advantages as compared 
with separate units of spare equipment. 
Portable substations must be used as an 
entity and cannot be separated so that 
each component part can operate apart 
from the others. With spare equipment 
at a premium, it would seem to be the 
better policy to have spare units of equip- 
ment so that these units can be used at 
different locations as needed. For exam- 
ple, a spare transformer can be used in one 
substation and at the same time, a spare 
circuit breaker used for emergency service 
at a second substation. There may be 
certain systems where portable substa- 
tions will have advantages over separate 
units of equipment, but in the majority of 
instances during the present emergency 
at least, spare units of reserve equipment 
offer a greater degree of protection to 
service in having a wider diversity of use, 
although the time element for restoring 
service may, in some cases, be slightly in 
favor of the portable substation. 


STORAGE OF RESERVE MATERIALS 


Spare parts and materials held as re- 
serves against substation outages may in 
some instances be stored at the substation 
of probable use or they may be stored ina 
central location. In the first case, the 
number of spare parts and quantities of 
materials required will be greater than 
would be necessary if centrally located. 
Central storage is preferable in offering 
the maximum availability of minimum 
quantities of reserve materials and in 
many cases permitting better mainte- 
nance and care. With either plan, spare 
equipment should be covered by careful 
up-to-date inventories both as to specifi- 
cations and locations. 


Protection and Preservation of 
Equipment 


INSPECTION AND MAINTENANCE 


Greater attention must be given to the 
operating equipment to observe or antici- 
pate distress and thereby forestall failures 
in service. Equipment should be in- 
spected more frequently and maintained 
at a higher degree of precise operating 
condition than has in many cases hereto- 
fore been considered adequate. More- 
over, when inspection reveals the need for 
even minor adjustments, repairs, or re- 
placements, they should receive appropri- 
ate attention at once. Failure to act in 
these minor instances does not necessarily 
mean that the equipment will fail to con- 
tinue to operate satisfactorily, but it may 
and certainly will in some instances 
shorten the period before major replace- 
ments will be required. It should be kept 
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in mind that an ounce of preventive 
maintenance is worth a ton of replace- 
ment, especially when replacement is be- 
set with present uncertainties. 


FIRE PROTECTION 


With the prospect of continuing inten- 
sive operation of equipment, itis not only 
vital to preserve that which we have but 
to protect it from loss. Fires are not 
frequent but when they occur in a sub- 
station, the damage to the equipment 
where the fire originates is all too often 
extensive. Moreover, except as precau- 
tions have previously been taken, damage 
to adjacent equipment is the rule. Any 
fire, even though it does no major dam- 
age, diverts man power from the primary 
function of operation and absorbs ma- 
terials needed elsewhere. Often the in- 
cidental damage to other equipment and 
the interruptions to service necessary to 
clean up and make final repairs are of 
greater consequence than those involved 
in the immediate failure. Consequently, 
careful consideration should be given to 
protection against fire hazards. 

Probably the most economical and 
effective protection available at this time 
against fires resulting from oil ignition in 
outdoor substations is obtained from 
‘ water spray apparatus. Its use is, of 
course, limited in application to those 
locations where water may be made 
available. Transformers installed at im- 
portant substations where water can be 
obtained may be protected by fixed or 
portable spray nozzles or by a combina- 
tion of the two. Perhaps the most 
satisfactory over-all method is the com- 
bination of the fixed and portable appa- 
ratus. A moderate number of fixed 
nozzles properly installed will tend to 
prevent the spread of fire and reduce its 
intensity until such time as portable ap- 
paratus can be brought into action by 
trained men. 

Where water is not available, dry- 
compound apparatus is quite satisfactory 
as are carbon-dioxide extinguishing de- 
vices, although at present the latter are 
costly and not always effective for outdoor 
use. Carbon-dioxide apparatus has its 
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widest application indoors and for this use 


is most satisfactory in that there can be no | 


deterioration of equipment resulting from 
its use. 

Foam is effective for extinguishing oil 
fires under some circumstances but its use 
around electrical equipment is open to 
objection because of the work required to 
remove the caked foam after the fire is 
out. 

Arrangements should be made for co- 
operation with local fire departments in 
the study of fire-fighting problems, in co- 
ordinating power company fire-fighting 
equipment with the department appa- 
ratus, and in joint drills and rehearsals. 
The most important element in minimiz- 
ing damage is the adequate training and 
drilling of personnel in the proper use and 
limitations of use of whatever apparatus 
may be brought into action. 


LIGHTNING PROTECTION 


There is considerable divergence of 
opinion as to the need for lightning ar- 
resters, particularly for voltages above 66 
kv. Experience of many operating com- 
panies in numerous widely separated 
parts of this country and Canada, under 
diverse operating and climatic conditions, 
has established the value of spill-gap pro- 
tection for substation apparatus.’ The 
valve action of the lightning arrester, by 
limiting the time and magnitude of power- 
follow current, reduces the number of in- 
terruptions from lightning surges, but 
evidence is lacking that the lrghtning 
arrester protects substation equipment 
more effectively than the spill gap. Con- 
servation of material and labor dictates 
that serious considerations be given to the 
use of spill gaps in place of arrester instal- 
lations at new substations or where re- 
placement of arresters may be necessary. 


PERSONNEL TRAINING 


Of equal importance to protective 
equipment in the protection of property is 
a trained staff of operating men who in 
case of trouble or incipient trouble know 
what to do, how to do it, and can act 
promptly as a well-co-ordinated team. 
The time taken and money spent to edu- 


Poage, Reid—Distribution Substations 


cate and continue the education of these 
men in this important function will be— 
amply justified. In view of conditions — 


that confront the industry, each one 
should be induced to feel the added re- 
sponsibility resting upon him. He should 


be instilled with an enthusiastic desire to . 


do his full part in providing and main- 
taining the power supply for war and 
should be thoroughly trained to do that 
part well. ! 


Conclusion 


Difficult problems will arise in the days 
ahead due to scarcity of materials, equip- 
ment, and suitable man power, which prob- 
lems must be solved by the engineer and 
operator in the struggle to serve the 
rapidly expanding war loads. The man- 
ner in which these men meet their more 
unusual problems will be of interest to all 
who have similar problems to solve. It 
will be of benefit if these solutions are 
passed on to the industry as a whole 
through publication currently in the 
technical press. 

Experience may indicate that some of 
the needful practices of rigid conservation 
established during the present emergency 
will earn recognition as standard practices 
in the peaceful days that are to come. 
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ynopsis: An overhead electrical system 

kes use of large quantities of materials 
hich are also very vital to the nation’s 
wartime program. This paper seeks to 


‘point out the most practical ways of con- 


serving these vital materials, thereby 
releasing them in greater quantities for use 
in wartime production. In general, this 
can best be accomplished by keeping to a 
minimum the quantities used to make the 
line extensions and system reinforcements 
which will be required to supply electric 
service to the new industries and military 
establishments, and to the increased housing 
facilities which must accompany them. A 
number of effective tools are available which 


may be utilized to reduce the quantities of 


‘conductor material required to give satis- 
factory service. There are also possibilities 


_ of rearrangement of existing facilities so as 


to use them more effectively. 


Critical Materials Involved 


HE critical materials which are used 

to the greatest extent in the construc- 
tion of overhead distribution lines are 
copper, aluminum, steel, and zinc. Of 
these copper is by far the most important. 
Aluminum has been making considerable 
headway in recent years as a conductor 
material when provided with a steel rein- 
forcement, but, while it has many good 
features to recommend its use, particu- 
larly for long span rural lines, competing 
materials of copper-steel composite have 
been made available which can be used to 
build these lines. The fact that alumi- 
num has been practically unobtainable 
for some time was not a serious handicap 
as long as we were still able to get copper- 
steel composites. These materials, how- 
ever, are now being greatly restricted in 
their availability, and the problem, so far 
as copper is concerned, is, therefore, to 
find ways to minimize its use, since no 
substitute material other than aluminum 
is available. Various possibilities of 
accomplishing this purpose will be dis- 
cussed later. 

Steel is used in considerable quantities 
in overhead-distribution-line construc- 
tion, principally for line hardware and fit- 
tings. It would be difficult to find a 
substitute material which would be nearly 
so sttitable for such important items as 
bolts and nuts. For certain uses, how- 
ever, such as insulator-pins, crossarm- 
braces, platforms, and other fixtures re- 
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quiring a considerable proportion of the 
steel tonnage used in overhead-lines 
construction, wood is quite a satisfactory 
substitute. 

Zine is important in overhead-lines 
work, mainly as a coating for steel to pre- 
vent rust. The tonnage used for galva- 
nizing of line hardware is not very great, 
however, and it is to be hoped that its 
use, particularly for bolts, nuts, and so 
forth, may be continued. On the ma- 
terials of larger size it will be possible to 
use coatings composed of less vital ma- 
terials which, while less permanent, will 
be effective through the present emer- 
gency and can later be replaced with more 
lasting materials. 

The need for materials, other than 
metals, used in the construction of dis- 
tribution lines is not immediately critical 
but there is a good chance that it may be 
unless their consumption is curtailed. 
Poles and crossarms are the most im- 
portant of these items. Due to increased 
consumption of these materials in connec- 
tion with military and emergency housing, 
stocks of seasoned material have been 
seriously depleted, and it is reported that 
unfavorable weather conditions.in pole- 
producing areas have resulted in a sub- 
normal output of new poles, especially in 
the larger sizes. Conservation in the use 
of poles and the avoidance of large stocks 


not immediately required will help keep’ 


to a minimum the amount of substandard 
materials used in the construction of 
lines which will need early replacement. 


Means of Conserving Materials 


In general, the conservation of vital 
materials can best be accomplished in 
four ways: 


1. By using the minimum possible amount 
of material on all new line extensions. 


2. By using the minimum amount of vital 
material for bolstering up existing lines 
when overloaded or under-voltage conditions 
result from increased loads. 
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3. By rearranging existing facilities so as to 
use them more effectively. 


4. By salvaging needed materials from 
existing lines where they are not immedi- 
ately required to give adequate service. 


New LIne Construcrion 


The most effective way to save ma- 
terial is, of course, not to use it. To the 
extent, therefore, that restrictions are 
applied to the extension of lines to serve 
potential consumers, there will be an al- 
most proportionate reduction in the 
amount of material used for overhead-line 
construction, This is for the reason that 
in periods of expansion the greater pro- 
portion of material used goes into the 
construction of lines to serve new areas. 
Unless a real effort is made to concen- 
trate housing facilities in compact groups, 
this will still be the case. It is not within 
the scope of this paper to discuss the 
restrictions to be placed on new line con- 
struction by those in control of the alloca- 
tion of material. Of one thing we are 
certain, and that is that extensions will 
be made to serve new projects vital to 
the emergency effort. It would seem 
almost equally imperative that the 
necessary extensions be made to serve 
new housing facilities which are, in a great 
many cases, essential to the war effort. 

In the building of such new lines as are 
permitted, every effort should be made 
to keep the material used to a minimum. 
The most obviously beneficial expedient 
is to use the least possible amount of 
copper. The size of the wire used should 
be the minimum to give reasonably satis- 
factory service to the initial customers, 
unless increased loads are known to be 
coming in the immediate future. For 
most distribution engineers this will be a 
reversion to obsolete practices, since it is 
the way things were done before the adop- 
tion of system-planning methods. We 
can well remember the frequent and costly 
reconstruction, replacement, and _ re- 
vamping of lines which were necessary in 
those days. It must be admitted, how- 
ever, that building to an ideal ultimate 
plan sometimes results in the installation 
of line capacities which are much more 
than adequate for a large part of their 
useful life when load growth is slow. In 
the light of present shortages, we would 
be justified in returning to the old- 
fashioned method of using the smallest 
size of wire which would do the initial job, 
even if, in some instances, it may require 
changing to a larger size in a year or two. 

It may also be possible to justify some 
modifications of the pole layout so as to 
conserve material. Temporary short-cut 
routings of line extensions may be re- 
sorted to in some cases to reduce the 
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length of line required. The use of longer 
spans in the initial stages of residential 
development will conserve poles, cross- 
arms, hardware, and insulators. The 
ultimate spacing of poles in residential 
areas is invariably fairly close, because of 
the necessity of keeping customers’ service 
drops reasonably short, but, if poles can 
be so spaced that the later installation of 
intermediate poles as the area builds up 
results in a good layout, an initial saving 
in material can be made. In many 
cases, where the building-up process is 
not rapid, an over-all saving in investment 
results. The use of bare primary wire, if 
permissible, will favor the adoption of this 
“double-span’’ construction. 


INCREASED LOADING OF EXISTING 
FACILITIES 


The second objective of the conserva- 
tion program, namely, the devising of 
ways and means of carrying increased 
load on existing lines and equipment with 
the minimum use of vital material offers 
the greatest opportunity to the distribu- 
tion engineer for contributing to the war 
effort. As loads increase on the electrical 
distribution system, two limitations oper- 
ate to cause need for increased capacity in 
lines or equipment. These are: 


(a) Excessive heating which may cause dam- 
age or possibly failure. 


(6) Excessive voltage drop which may result 
in decreased efficiency of utilization equip- 
ment and even make its operation impossi- 
ble. 


The current-carrying ability of wires 
and line devices is affected by many 
widely variable factors, and, in general, 
the commonly accepted current ratings 
are arbitrarily conservative. In arriving 
at these ratings, a combination of condi- 
tions is selected which very rarely occurs 
in practice, and tests made under actual 
field conditions show that loads consider- 
ably in excess of these ratings may be 
carried for long periods without resulting 
in any appreciable damage to overhead 
lines and associated equipment. 


Limitations to Wire Loading. The 
heating of overhead conductors, for exam- 
ple, is greatly affected by air movement, 
and yet the limiting ratings are often 
based on temperature rises in still air with 
high ambient temperatures. As there is 
practically always some air movement 
past conductors in overhead-line con- 
struction, the effect is to very materially 
reduce the actual temperature rise, 
Furthermore, even at the assumed limit- 
ing temperature, the effect on the wire or 
equipment would be serious only if con- 


tinued for long periods of time. Very 
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seldom will a condition hazardous to 


service or persons result. 


Limitations to Transformer Loading. 
The loading of distribution transformers 
is a good example of the ability of equip- 
ment to successfully carry so-called over- 
loads. This subject has been discussed at 
considerable length in recent technical 
publications* and will be treated only 
briefly here. The factors which make it 
possible to carry peak loads greatly in ex- 
cess of the name-plate rating are: 


1. The thermal capacity of the iron core, 
the insulating oil, and the tank, absorb heat 
from the windings and greatly reduce the re- 
sulting temperature rise on short-time peaks. 


2. The loads of highest peak values and 
longest duration usually occur in winter 
when ambient temperatures are low and the 
resulting temperature in the windings is 
correspondingly reduced. 


8. The limiting temperatures assumed in 
the rating would cause failure of the trans- 
former only after continuous operation over 
a period of years. 


The greatest problem in the proper 
loading of distribution transformers, of 
course, is to know what the character of 
the loads is on individual transformers, 
both as to yearly peak value and as to the 
shape of the load curve throughout the 
year. However, the general character- 
istics of residential loads are sufficiently 
well established that, with any one of 
several methods of determining trans- 
former peak loads, it will be conservative 
to allow estimated winter peaks of the 
order of 150 per cent of name-plate rating. 
Under this procedure, experience shows 
that transformer life should be reduced 
very little, if any, over that which would 
be obtained by more conservative loading. 
However, before proceeding to materially 
increase transformer loading beyond this 
point, it is particularly important to have 
adequate information on load character- 
istics and values, since a large number of 
damaged transformers on a system would 
be a serious detriment to good service in 
later years. 

Limitations to Voltage Regulation. 
Excessive voltage drop, causing wide 
variation in voltage regulation to cus- 
tomers, will probably be a more frequent 
cause for system reinforcement than cur: 
rent limitations. Here, again, it would 
seem that present accepted good practice 
could be modified somewhat during the 
emergency. Fairly narrow ranges of 
voltage regulation may be largely justi- 
fied by economic considerations in normal 
times, although by the same consideration 
we cannot afford to maintain as high 
standards on rural lines as in thickly 


* See list of references at close of paper. 
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settled urban districts. When, in the 
face of serious material shortages, eco- 


_——— ws Fe 


nomics is no longer the ruling considera- _ 


tion, it would seem that standards of — 


voltage regulation which apparently are 


giving satisfactory service to the farmers — 


should not be too poor for the city dweller — 


to put up with for the period of the 


j 
« 


emergency. This should apply, not only to — 


the long-time variations, but tothesudden ~ 


fluctuations commonly knownas “‘flicker.” 


+ 


. 


Improvement of Power Factor. In 
spite of increased current ratings and — 


more liberal voltage limitations, the time 
will be reached, as loads increase, when 
something will have to be done to bolster 
up the supply. But, this need not always 
take the form of adding new facilities or 
replacing old ones with like kind of larger 
capacity. One of the most promising 
expedients which is available, not only to 
improve voltage regulation on overhead 
lines but to decrease the line current 
capacity for the same load, is the use of 
shunt capacitors to improve the power 
factor of the load. An extensive use of 
this device has been justified under the 


normal economic conditions of the past — 


few years, and it offers a very effective 
means of conserving vital material under 
present conditions. It is true that 
capacitors require for their construction 
an appreciable amount of aluminum foil, 
but the amount of copper which could be 
saved by their intelligent use should rec- 
ommend them very highly to the authori- 
ties having to do with the allocation of all 
of these materials. 

The use of shunt capacitors will find its 
best application in the densely loaded 
parts of our systems, where the reduction 
of current will often be as important as 
the reduction of voltage drop in the cir- 
cuit. In rural areas where conductors 
are small, loads are light, and power fac- 
tors high, shunt capacitors are not quite 
so effective a remedy, although they may 
still be justified in many cases, 
effect of the capacitors is to cause a con- 
stant voltage rise in the circuit which will, 
if too many capacitors are installed, cause 
too high voltage at light-load periods 
unless provisions are made to cut out 
portions of the capacitance. So far, no 
economical method has been devised for 
this purpose which is applicable to small 
installations. 

Series capacitors should also be useful 
devices for improving the capacity of 


long lines serving individual customers, 


although they will not have as wide an 
application asshunt capacitors by reason of 
the lack of flexibility in their application. 

Voltage Regulation and Boosters. 
Another very economical expedient avail- 
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ub le to ‘improve the regulation of long 
‘ural circuits is the use of line-type voltage 
regulators or step-voltage boosters. These 
are now manufactured in a wide range 
of sizes and steps of voltage change. The 
simpler forms of step-voltage boosters are 
quite satisfactory for rural orsuburbanline 
_ regulation, and their use produces an im- 
_ provement of voltage regulation which 
would require many times the amount of 
material in conductors to produce like 
results. 
Standard distribution transformers, if 
_ they have the proper turn ratio, may be 
used very effectively as a booster to pro- 
_ duce a better range of voltage in a circuit 
ata very low cost. A small amount of 
fixed voltage boost at a point fairly well 
out on the circuit will result in a consider- 
_ able improvement in peak load voltage to 
the customers on the tag ends without 
causing too high voltage at off-peak 
_ periods. Booster-transformers connected 
to give a larger amount of voltage boost, 
used in connection with automatic regu- 
lators to permit the better use of the full 
range of the regulator, will also prove to 
be a useful expedient where conditions are 
favorable. For a slight increase in cost, 
standard transformers may be purchased 
with increased secondary-to-ground insu- 
lation which will insure their satisfactory 
operation as booster transformers. 


Rearrangement of Existing Facilities 


In any well engineered electrical-dis- 
tribution system there will always be an 
appreciable amount of wire and equip- 
ment which will be capable of carrying 
much greater loads than they are at the 
time called upon to carry without exceed- 
ing either current or voltage limitations. 
This is partly the result of the planning of 
system development to follow a layout of 
facilities which will be adequate to serve 
an area after it has become completely 
built up without too much replacement 
and rearrangement of the initially in- 
stalled material. A critical shortage of 
materials, however, may make it desirable 
to do a certain amount of rearrangement 
of these materials at this time, so as to use 
them more effectively and thus reduce the 
amount of new materials required. Line 
wire and transformers are the items of 
overhead-line construction which offer the 
best possibilities of such treatment. 


REMOVAL OR REPLACEMENT OF WIRE 


Expedients to conserve the use of con- 
ductor material which should be given 
most consideration are as follows: 

1. Replacement of the larger sizes of wire 


with smaller in locations where the load has 
not yet developed or has been greatly re- 
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duced by system rearrangements, and the 
transfer of the larger wire to locations where 
the load is increasing rapidly. This will in 
turn release, for the relief of other circuits, 
an amount of wire nearly equal to that 
originally used, if proper salvage methods 
are used to prevent the scrapping of any 
large part of the material in the process. 


2. Building new sections of line which will 
shorten feeds to increasing loads rather than 
replace or add wire on existing routes. This 
will frequently be practical in suburban or 
rural areas where piecemeal extensions often 
result in a poor layout. In many cases, 
when this is done, sections of line of lengths 
equal to that installed can be salvaged. 


3. ‘ Removal of wire which is not required to 
maintain service except in case of the failure 
of some other source of supply. Throwover 
connections, ring feeds, stand-by lines are 
frequently installed to improve reliability of 
service to customers. Perhaps, if material 
shortage becomes really critical, a lowering 
of service reliability standards would be 
justified, and some of these facilities could 
be removed in situations where no con- 
sideration of public safety is involved. 


Since most of these expedients will re- 
lease more material than they will require, 
it is hoped that some method will be found 
to make it possible either to secure blanket 
approval of their use or to set up some 
very informal means of securing approval 
of individual projects. Otherwise, the 
volume of paper work and the delays en- 
tailed in securing approval may be so 
great as to seriously discourage any at- 
tempt to adopt them. This is particu- 
larly true in the case of overhead-lines 
work where individual projects are small 
and their number very large. The vol- 
ume of paper work necessary for specific 
approvals could easily become so great as 
to seriously interfere with more important 
projects. 


CONSERVATION OF TRANSFORMER 
CAPACITY 


In parts of many overhead-distribution 
systems, the ratio of demand on a circuit 
to the total installed transformer capacity 
on the circuit will be found to be low. 
This would seem to indicate a large sur- 
plus of transformer capacity, which it 
should be possible to utilize to serve new 
loads, and reduce, if not eliminate, the 
necessity of purchasing new transformers 
forsome time. Actually, the possibilities 
of doing anything very helpful with this 
situation are not very good. In rural or 
suburban areas, one of the locations where 
this ratio of circuit demand to installed 
capacity is very low, the widespread use 
of electric ranges, refrigerators and other 
types of appliances causes high short- 
time load demands which make it neces- 
sary to provide larger transformers than 
would otherwise be required, in order to 
give satisfactory voltage conditions. 
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Also, the demands on the individual 
transformers are not coincidental, and, 
because of this diversity, the demand on 
the circuit is much less than the sum of 
the demands on the individual transform- 
ers. The ratio of the circuit demand to 
the total installed capacity is, therefore, 
not a proper measure of the loading of the 
individual transformer and the surplus 
capacity is more apparent than real. 

In urban areas also, during the initial 
stages of development, this ratio of circuit 
demand to transformer capacity is low. 
It might be thought that, in this case, an 
increased spacing of transformers would 
reduce the number required with no in- 
crease in initial size, but very few liberties 
may be taken with the spacing of trans- 
formers without producing intolerable 
voltage conditions. Larger secondary 
wire would be of very little help in this 
connection and its use would only in- 
crease the use of vital material. It would 
also be unwise to go too heavily into the 
use of very small transformers for the 
initial stages of urban area development. 
The reduction in vital material would 
not be anywhere near the ratio of 
the reduction in size, and, in the future, it 
would probably be impossible to find 
economical use for them anywhere on the 
system. Indeed, many of us, with the 
extensive development of rural lines in our 
territories, are already having difficulties 
in finding use for the smaller transformers 
removed from the farm lines by reason of 
increased demands of customers on these 
lines requiring replacement with trans- 
formers of larger capacity. 

It should be possible to utilize some of 
the surplus transformer capacity already 
installed by making interchanges of trans- 
formers as some become loaded up and 
others do not. This will be particularly 
true if full advantage has not already been 
taken of the possibilities of loading 
transformers to the limit of their thermal 
ability. By this means it should be 
possible to reduce appreciably the total 
kilovolt-amperes of transformer capac- 
ity required on the system. It will still 
be necessary to buy new transformers if 
extensions are made to new areas since, 
for the reasons given above, it will be 
difficult to release any large number of 
transformer units from existing lines. 


Salvaging Operations 


In addition to conserving new materials 
for line construction, a great deal can be 
done toward the same end by the maxi- 
mum use of material removed from the 
lines, of which there is usually a consider- 
able amount in any large organization. 
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Highly profitable salvage operations have 
already been organized in a number of 
companies for this purpose, and in the 
present emergency it is imperative that 
this practice be adopted by all operating 
utilities. 

Salvage operations which are most 
productive in the conservation of line 
materials are the following: 

1. Cleaning, straightening, and splicing 
together into standard lengths all wire suit- 
able for reinstallation. 


2. Removing weatherproof covering from 
wires not suitable for reinstallation, and 
splicing in lengths suitable for recovering or 
use as bare wire. 

8. Cutting up very short lengths for use as 
tie wires, ground-rod pigtails, and so forth. 


4. Reconditioning hardware, fuse carriers, 
lightning arresters, and all articles of line 
equipment not hopelessly obsolete. 


5. Cutting off rotted sections of poles and 
retreating them for use as shorter poles or 
guy stubs. 


Conclusions 


It is to be hoped, of course, that some 
of the expedients suggested in this paper 
will not be necessary as they involve bur- 
densome operating costs and much addi- 
tional labor. In some localities now, and 
probably generally later on, labor will be 
difficult to obtain. Other expedients in- 
volve a lowering of standards of service 
to our customers and should be adopted 
only in moderation unless the situation 
becomes quite critical, and then only with 
the approval of the authorities charged 
with regulation of service standards. 
Failure, however, to adopt some of the 
practices, which are in the interest of the 
conservation of materials and are at the 
same time favorable to the economical 
design and operation of the electrical 
system, would be called unprogressive at 
any time. In the present national emer- 
gency, it should be considered unpatriotic. 
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Variable-Speed Drive for United States 
Army Air Corps Wind Tunnel at 
Wright Field, Dayton, Ohio 


A. D. DICKEY 


NONMEMBER AIEE 


HE machinery manufacturers are be- 

ing required to solve many design and 
production problems in connection with 
our national-defense program. All elec- 
trical manufacturing companies are ex- 
erting maximum effort to produce gener- 
ators, motors, conversion apparatus,, and 
other electrical equipment which are 
needed in meeting the requirements of a 
large and rapidly expanding industrial 
activity. There is a further need for 
machines of greater capacity, new com- 
binations of apparatus and control de- 
vices, and more information on machine 
characteristics to accomplish new and 
difficult objectives. 

The new wind tunnel of the United 
States Army Air Corps at Dayton, Ohio, 
which is scheduled for operation in the 
early part of 1942 is an example of this 
type of problem. Wind velocities of 400 
miles per hour and greater are to be ob- 
tained for testing large size airplane parts 
and models. The air is to be circulated 
by two propeller assemblies mounted on a 
common shaft and operated in series to 
produce the necessary high pressure. 
The propeller assembly is driven by a 
40,000-horsepower, variable-speed, wound- 
rotor-type induction motor, which has a 
top rotational speed of 300 rpm (327 rpm 
synchronous speed) and is the largest unit 
of this type built to date. It is essential 
in this application to obtain close speed 
regulation over a wide speed range. 
This paper discusses the problem associ- 
ated with the design and operation of the 


equipment required to meet wind-tunnel - 


specifications. The role which the wind 
tunnel will play in the race for air suprem- 
acy in the present world war is a subject 
of great interest and national importance, 
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but it will only be discussed briefly in this — 


paper as an introduction to the require- 
ments of wind-tunnel drives. 


Wind Tunnels 


The principles of aerodynamics and 
hydrodynamics are neither sufficiently 
well-known nor subject to sufficiently 
exact mathematical analysis to permit the 
accurate calculation of the performance of 
a body moving through the fluid at high 
velocities, except for simple cases. It has 
been the practice of designers for many 
years to obtain performance characteristic 
data on equipment and apparatus such as 
ducts, channels, blowers, waterwheel 
runners, ship-propeller screws, and ships 
from the performance of models operated 
under controlled conditions in laborato- 
ries. The same condition is true to an 
even greater extent in the case of air- 
planes due to the fact that the plane 
velocities are extremely high, and ma- 
terials and structural members must be 
worked nearer the ultimate limits in 
order to reduce weights and increase the 
power per unit of weight. During the 
early development of the airplane, the 
Wright brothers used low-power wind tun- 
nels to check plane models rather than 
resort to the more dangerous and costly 
method of full-scale flight tests. This 
condition exists at the present time, and a 
vast amount of large-scale experimental 
work will be required to obtain the 
essential data so that still higher efficiency 
and flight speed can be reached. 


Model tests are quite reliable at low 
speeds due to the fact that the air-flow 
lines produced by the full-size unit are 
similar to those existing in the model test. 
In some cases, the effects of air viscosity 
can be determined by varying the density 
of the air in the tunnel. In other cases, 
it is necessary to make empirical correc- 


tions in extrapolating from the model to ~ 


the full-size unit. For plane speeds at 
400 miles per hour, the air velocity 
around different parts of the plane may 
approach the speed of sound. This intro- 
duces effects of both the mass and elas- 
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ticity of the air. In the present state of 
the art, large-scale models and full-size 
parts must be checked in wind tunnels 
t full speed to get reliable data for build- 


& 


ing high-power superspeed planes. For- - 


tunately, it is not necessary to use full- 
size planes, due to the fact that basic data 
can be obtained for large or full-size parts 
and the constants for the parts combined 
for application to the entire plane. It is 
interesting to note, in connection with 
wind-tunnel operation, that the power re- 
quired to circulate the necessary large 
volume of air around a complete wind tun- 
nel is several times greater than the power 
required to drive the model through the 
air at the same speed. Since the power 
required to circulate the air varies as the 
cube of the speed, it is not surprising to 
find that a 40,000-horsepower motor rat- 
ing is required for the largest high-speed 
_ wind tunnel. 


Wright Field Wind Tunnel 


The Wright Field wind tunnel is de- 
signed with a cross section sufficiently 
large to accommodate full-size plane sec- 
tions or parts, and large-size complete 
models, with wind velocities of 400 miles 
per hour or greater. Since the output 
from the motor is eventually absorbed by 
the circulating air, it is obvious that the 
temperature of the air would continue to 
rise until the rate of heat loss dissipated 
by the tunnel became equal to the rate of 
input to the air, if complete recirculation 
were used. When operating under full- 
speed conditions with 40,000-horsepower 
motor output, the air temperatures would 
become excessive, and it is thus necessary 
to resort to partial circulation. Suffi- 
ciently large inlet and outlet openings are 
provided at appropriate sections of the 
tunnel so that approximately 30 per cent 
make-up air is provided and the gas 
temperature kept down to tolerable 
values. Each of the two stage propellers 
which circulate the air have 16 wooden 
blades, which are approximately 40 feet 


in diameter at the tips. The propeller 
assemblies, including rotating blades, 
supporting hubs, and stationary guide 
vanes, were designed by the Air Corps 
engineers at Wright Field. The general 
arrangement of the tunnel and propelling 
equipment is as shown in Figure 1. 


Driving Equipment 


The largest wind tunnel in operation at 
the time the Wright Field wind tunnel 
was originally planned, had two 4,000- 
horsepower driving motors (8,000 horse- 
power total). A wind tunnel requiring 
five times as much driving power was a 
large step forward. It was also desired 
to use a single driving motor in order to 
avoid possible difficulties in assembly and 
complications in the operation of the 
equipment. Although a 40,000-horse- 
power wound-rotor induction motor had 
not been heretofore contemplated, the 
electrical manufacturers had no misgiv- 
ings in regard to the feasibility of building 
it, on account of the fact that synchronous 
motors on much greater capacity had 
been built for both 300 and 600 rpm, 
The motor characteristics—power factor, 
starting kilovolt-amperes, and speed con- 
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Variable-Speed Motor- Constant-Speed Motor- 
Generator Set Generator Set 


Main Driving Motor 


Supply Rotor Rotor Frequency Supply Rotor Speed = Frequency Rotor Speed 
Frequency Speed % Cycles Frequency % RPM Cycles % RPM 
a a ae Ss ee 

GQ aercisicterere 327 0 ; (i Scie OR eerie de 0 SoM) Veena SO)oc tems 100... .600 
BO erctereteres *297 9.25. SOO es rae Ltt eesqoe DE 2 Oso ALL Des osaia78 3 (ol Ua eae 100... .600 
CO seaaae cr 262 ... 20 1D oe Sveraisal ois De el voids 20 BONER Fe ree GO oases’ 100... .600 
GO sere crete 196 ... 40 Ae aaiale sisie Ae gels Hake 40 “aw AU eootaet GOR ei eraie 100... .600 
GOs cel 33 Fe. 60 SGgee ee. a Ald abate 60 SRBOS Ma ciel a3 {UR nate 100... .600 
GOs ertracicic SE was IO asaettsl 9 asso ES Waadoo 80 AHO So ARO BO ene cies 100... .600 
CO Neciccicets SRS TO) SO sO i0OsO. «close GasG. cesta SORGa e400 crises. i aa cant 100....600 
GOR. eck. Botte) " Saad) cooese GOR cose: 100 Poe e Rare aen {OB oaeran 100... .600 


*Maximum running speed of main driving motor. **Minimum running speed of main driving motor. 
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Plan view of wind tunnel and driv- 
ing apparatus 


Figure 1. 


trol—were influenced to an appreciable 
degree by conditions associated with and 
requirements of the main power-supply 
system. In order to maintain speed 
practically constant at any value over a 
wide speed range with minimum energy 
requirements, a speed-control system was 
chosen which provided for returning the 
power from the rotor of the main induc- 
tion motor to the a-c supply system. 
The main rotating auxiliary equipment 
required to accomplish this result is 
shown in Figure 2 and consists of two 
motor-generator sets. The a-c ele- 
ments of both sets are salient-pole syn- 
chronous units with d-c excitation. 

In one set, the a-c motor receives its 
power supply from the rotor of the main 
drive motor, and operates as a synchro- 
nous machine at the slip frequency over 
the entire speed range of the main motor. 
The second set has the a-c generator 
electrically connected to the 60-cycle 
main supply system, and operates at con- 
stant synchronous speed. Table I shows 
the speed and frequency for the main 
motor and auxiliary sets. 

A qualitative interpretation of how the 
main and auxiliary equipment perform 
can be readily obtained by analyzing the 
power, voltage, current, torque, and 
speed relation that exist under given 
operating conditions. 


Starting and Operation of Equipment 


It is apparent by reference to Figure 2 
that the unit can be started either from 
the main driving motor or from the a-c 
element of the constant-speed motor- 
generator set. When starting from the 
main motor, no excitation is to be pro- 
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vided for the d-c and a-c elements of the 
auxiliary sets. When power is applied 
to the stator of the main motor, the rotors 
of the main motor and variable-speed set 
start to roll and accelerate in speed. 
The speed reached by the rotor of the 
main motor will be relatively low, due to 
the fact that the output of the main- 
motor rotor winding is limited primarily 
to the losses of the variable-speed set. 
The speed of the variable-speed set will be 
relatively high, for its speed is determined 
by the slip frequency of the main driving 
motor. If excitation is applied to the 
field of the a-c element of the variable- 
speed set, it will pull into synchronism 
with the rotor of the main motor. The 
constant-speed set can then be started 
from either the d-c or the a-c end. If 
started from the d-c end, it will be neces- 
sary to synchronize the a-c end with the 
main power supply. When the constant- 
speed set is started from the a-c end, it is 
necessary to adjust the excitation of the 
d-c elements of both sets, so that there 
will be no appreciable interchange of d-c 
power. When starting the main drive 
from the a-c end of the constant-speed 
set, the stator of the main motor should be 
left on open circuit, the connections for 
the remainder of the equipment should be 
normal, and the excitation of the two d-c 
units adjusted so that the d-c element of 
the constant-speed set delivers power as a 
generator to drive the d-c element of the 
variable-speed set as a motor. Both sets 
are then brought up to full synchronous 
speed in the conventional manner. The 
rotor of the main motor remains at stand- 
still, and the voltage induced in the stator 
has the same frequency as that supplied 
to the rotor. The excitation of the a-c 
and d-c elements of the variable-speed set 
are then adjusted so that the voltages of 
the main-motor stator are in synchronism 
with the voltage of the supply system. 
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When the voltages have the same mag- 
nitude, frequency, and have approxi- 
mately correct phase position, the main- 
motor supply switch can be closed with- 
out the interchange of an appreciable 
amount of power between the main 
motor and the supply system. 

There is thus no flow of power between 
the rotor of the main motor and the 
stator of the a-c element of the variable- 
speed set, and hence no torque is produced 
to accelerate the rotor. By increasing 
the excitation of the d-c end of the varia- 
ble-speed set, its speed will tend to de- 
crease and its voltage increase so that it 
functions as a generator and supplies 
power to the d-c end of the constant- 
speed set. This power is then returned 
to the supply system by the a-c element of 
the constant-speed set. At the instant 
the speed of the variable-speed set starts 
to drop, the initial angular displacement 
between its voltage and the voltage of 
the main-motor rotor winding produces a 
secondary current which reacts with the 
magnetizing flux to produce a motor 
torque to turn and accelerate the rotor. 
As the speed of the variable-speed set 
decreases, the speed of the main rotor 
increases and both elements maintain 
synchronism at the slip frequency of the 
main motor. 

Either of the two methods of starting 
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are practical and satisfactory. The 
method of starting from the relatively 
small constant-speed set was adopted due 
to the fact that less complication is in- 
volved in the starting equipment and less 
shock to the supply system occurs. 

It is apparent from the above discussion 
and through a knowledge of the character- 
istics of a-c and d-c motors and generators 
that the amount of electric power sup- 
plied by the rotor of the main motor and 
its slip frequency can be determined and 
controlled by varying the excitation of 
the d-c elements of the two motor-gener- 
ator sets and controlling the flow of 
power between them. The amount of 
wattless power returned to the supply 
system can be controlled by varying the 
excitation of the a-c generator element of 
the constant-speed set. The amount of 
wattless kilovolt-amperes supplied to the 
main motor can be controlled by varying 
the excitation of the a-c element of the 
variable-speed set. The curves in Figure 
3 show the slip, mechanical-power output, 
and rotor-electrical-power output for the 
main driving motor, and the d-c voltage 


and current of the auxiliary sets as a © 


function of the speed of the main motor. 

The elementary power relations in any 
induction machine are best understood 
by first considering an ideal machine 
without loss. In this machine the same 
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torque is developed on the stator and the 
rotor by the fundamental flux and cur- 
‘rent. The product of this torque and the 
rotor speed represents mechanical power 
output (P,,). The product of the torque 
and synchronous speed represents power 
input (P;), and the secondary power at 
the slip rings (P,) is represented by the 
product of torque and slip speed. 

Expressing the slip as a decimal fraction 
(s) of the synchronous speed, the second- 
ary power can be written in terms of the 
mechanical power as P,=P,,[s/(1—s)]. 
For a fixed propeller and a given air 
density, the power P,, varies as the cube 
of the speed, which gives a maximum 
secondary power at s=1/3. 

The accurate power relations are ob- 
tained by adding the friction and windage 
losses to the mechanical power (P,,) and 
subtracting the secondary J*R from the 
secondary power P, to obtain the net 
power at the slip rings. To trace the 
power flow from the slip rings through the 
auxiliary machines back to supply line, it 
is necessary only to subtract the losses of 
the variousauxiliary machinesateach step. 

The variable-speed set operating from 
the slip rings of the induction motor will 
have a speed proportional to slip. Neg- 
lecting the losses, the variable-speed set 
must handle the secondary power (P;) 
which is then equal to the product of its 
speed and torque. The torque could be 
written as P,/s=P,,/(1—s), and from 
the curves of Figure 3 it will be seen that 
although the secondary power is 
maximum at s = !/;, the maximum torque 
will be at minimum slip. The product of 
this maximum torque of the variable- 
speed set and its synchronous speed is ap- 
proximately equal to the full rating of the 
main motor, and this determines the size 
of the variable-speed set. The fact that 
the maximum current is required only at 
the minimum speed is of advantage in de- 
signing thed-cgeneratorsforlargecapacity. 

The constant-speed set must handle the 
same maximum d-c voltage and current as 
the variable-speed set, but the maximum 
voltage occurs at about four times as high 
a speed requiring a correspondingly 
smaller machine for the d-c motors. The 
a-c generator feeding the power back into 
the line must handle only the maximum 
secondary power minus the auxiliary 
machine losses. While the total capacity 
of the auxiliary sets is great, the speed can 
be kept high and the physical size is not so 
large as might be expected. 

With the power-speed relations in 
mind, it becomes apparent that it is de- 
sirable to keep full field on the d-c gener- 
ators over the upper range of speed where 
the torque is high, and to control the 
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speed by the field of the d-c motors. In 
the lower range of speed the d-c voltage is 
held constant and the flux reduced in the 
generator. The rheostats for the motors 
and generators are mounted on one shaft, 
but arranged so that they are changed one 
at a time. 


New Problems 


In addition to the problems in designing 
the largest induction motor yet built, 
there were a number of other problems 
which had to be solved in the application 
of this system of speed control. These 
problems included the steady-state sta- 
bility, and the dynamic stability or the 
reaction of the system to oscillating 
torques either impressed by the propeller 
or self-excited. 

The usual induction-motor criterion of 
stability that the torque should increase 
with increased slip is readily met since, 
even with fair regulation of the d-c ma- 
chines, the secondary power taken by the 
variable-speed set, with fixed fields, would 
increase much faster than the slip fre- 
quency. The synchronous motor which 
is fed from the secondary of the induction 
motor, must stay in synchronism with the 
slip frequency, and this presents a stability 
problem with new conditions. However, 
it can be shown that the induction motor 
can be treated as a high reactance trans- 
former with high magnetizing current so 
that the problem is resolved into the con- 
ventional two-machine synchronous-sta- 
bility problem. 

The possibility of self-excited torsional 
oscillations mentioned above arises from 
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Figure 4. View of main induction motor look- 
ing through the stator of the synchronous motor 
for the variable-speed set 


the fact that at low slip frequencies, the 
reactance-resistance ratio is much lower 
than in large machines of normal fre- 
quency. This tendency to oscillate is the 
same general phenomenon of hunting 
encountered in small synchronous ma- 
chines but is complicated by the addition 
of the induction motor in circuit. This 
tendency to establish self-excited oscilla- 
tions has been termed negative damping, 
since it is due to a torque in phase with 
the velocity, or opposite in sign to the 
usual damping torque. Negative damp- 
ing may exist in this system for relative 
angular motion between the induction 
and synchronous motors. Fortunately, 
the synchronous-motor damper winding 
and the speed-torque characteristics of 
the d-c machines, as well as the fan load, 
all contribute to the positive damping of 
the system, so that by proper attention to 
these factors it is possible to get a net 
positive damping. Hence it is possible 
to avoid any tendency to hunt. Methods 
of analysis of this problem have been 
written up and proposed for presentation 
at the winter convention. 

A model system was set up using a 100- 
horsepower wound-rotor motor with two 
synchronous d-c motor-generator sets. 
The propeller was represented by a d-c 
generator with an added flywheel. The 
starting and control features were tested 
and the tendency to hunt at low-slip 
values investigated. With small ma- 
chines, it was not possible to represent the 
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large units exactly, but the test did serve 
to prove that the methods of analysis 
were adequate. 

Since there are torsional impulses on the 
propeller resulting from slight irregulari- 
ties in the air flow caused by guide vanes, 
it was necessary to determine their effects 
on the entire system. The fan, the main 
induction motor, and the various auxiliary 
machines, all represent inertias tied to- 
gether either by shafts or electrical ties. 
This complicated system has many 
modes of vibration and many natural 
frequencies. 
ting up a complete equivalent circuit re- 
presenting the electrical analogue of the 
mechanical system, along the well-known 
principles of representing torques by 
voltages, velocities by currents, inertia by 
inductance, torsional flexibility by a 
capacity, and damping by a resistance. 
Solving for the natural frequencies of this 
electrical analogue was difficult due to its 
many branches. The a-c calculating 
board was used to represent the system 
and the approximate frequencies found 
which could then be checked by direct 
calculations in complex numbers. The 
torsional impulses are low, and the net 
damping is found to be adequate to keep 
any oscillations low. 

The same electrical analogue was found 
to be very useful in calculating the sta- 
bility of the speed-regulating system. 
Since the speed variations must be 
measured on the motor and the correc- 
tions applied through the d-c auxiliary 
machine fields, the regulating problem is 
not simple, and careful consideration had 
to be given to the amplification and anti- 
hunting features of the speed regulator. 


Conclusions 


The type of drive adopted for this larg- 
est wind-tunnel application is found to be 
very efficient to give low starting currents. 
Also this system lends itself to full auto- 
matic control and accurate speed adjust- 
ment, 

The solution of the many problems 
associated with this drive have led to some 
advances in the analysis of machines and 
in the design of very large motors. This 
knowledge should prove valuable in the 
future, on other variable-speed drives, on 
ship drives and other applications involv- 
ing systems of machines. 
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Progress in Design of Electrical 


Equipment for Large Diesel- 


Electric Locomotives 


GERALD F. SMITH 
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URING the last eight years, as the re- 
sult of development of the Diesel en- 


gine, Diesel-electric locomotives have 


come into wide use for heavy switching, . 


passenger, and freight service. There has 
also been a rapid development in the elec- 
trical equipment going back about 15 
years. 

The primary function of the electrical 
equipment is to transmit the power from 
the Diesel engine to the rail, and also 
change the relation of engine to locomo- 
tive speed. In modern high-speed equip- 
ments, the weight of electrical equipment 
somewhat exceeds the weight of the Diesel 
engine with radiators, and so forth, and is 
of the order of 20 per cent to 25 per cent 
of the locomotive weight. This may ap- 
pear to be out of proportion, but it must 
be realized that the propulsion output of 
the Diesel engine is all converted to elec- 
trical energy and then converted back to 
mechanical output at the rail over a very 
wide range of speed. 

Modern high-speed passenger and 
freight locomotives operate under the 
widest range of conditions. They traverse 
the plains, rolling country, and moun- 
tainous ranges. 


Definitions 


In order to understand clearly the 
operating conditions affecting equipment 
design, it is well to define several items: 


1. Maximum Test Speed. This is the speed 
in rpm defined by the rules of the A.S.A. 
for a stand test of the motor for two minutes 
and is 120 per cent of the rpm correspond- 
ing to: 

2. Maximum Safe Service Speed. This is 
the highest locomotive speed permitted in 


service with minimum size wheels (worn 
wheels) on down grades. 


3. Balancing Speed on Straight, Level Track. 
With normal trains, this is generally some- 
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what less than the maximum safe service 


speed, and is of interest chiefly for compara- 
tive purposes since stretches of straight, 
level track long enough to permit reaching 
balancing speeds are not frequently en- 
countered. 


4. Balancing Speed on Prevailing up Grades. 
In rolling country, these grades may be of the 
order of 0.2 per cent to 0.4 per cent. In hilly 
country, they may be in the neighborhood 
of one per cent. In mountainous country, 
long grades of 1.8 to 2.2 are common and 
helper grades up to 3.5 exist 


5. Unloading Speed. This is the speed 
above which the full power of the Diesel 
engine is not utilized. It should be suffi- 
ciently high so that the full power of the 
Diesel engine can be used on the prevailing 
up grades in each district. 


6. Continuous Rated Speed, This is the 
lowest speed which can be maintained with 
full engine power for prolonged periods with 
unworn wheels without exceeding the tem- 
perature limits of the motors and generators, 
and should closely correspond to the speed 
with maximum train weight on the ruling 
and helper grades unless the time spent on 
these grades is fairly short and is preceded 
by a run at light load or a very definite 
and effective cooling period. 

7. Maximum Tractive Effort. This is the 
maximum tractive effort which can be de- 
veloped for short periods during accelera- 
tions. In high-speed passenger locomotives 
it may be limited by the commutating ca- 
pacity of the generator, otherwise by the 
slipping point of the driving wheels. In 
very powerful freight locomotives, driver 
slippage is the usual limit, but the strength 
of freight car draft gear may make the 
practical limit lower than the slipping point. 
8. Maximum Weight Per Driving Axle at 
Rail. This is the weight as limited by 
stress in rail and depends on the minimum 
(worn) wheel size and maximum safe 
service speed. 


Chronology 


Prior to 1927, standard 600-volt self- 
ventilated railway trolley-type motors, 
designed for suburban and subway serv- 
ice, were used. About 1928, motors de- 
signed primarily for operation from ~ 
limited power supply were introduced. 
These power plants were of 300- to 400- 
horsepower capacity, with one generator 
and two motors. In 1932, 600-horse- 
power equipments were introduced using 
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- An Leo 
omit orced ventilated motors, class B in- 
lation; with multiple windings and four 
| brush holders instead of the conventional 
two-circuit winding and two brush hold- 
ers; with wedges on the core, non- 
nagnetic bands on the end windings and 

. with roller bearings. In 1936 a further in- 


re 
> 


At present, motors are available which 
can use 1,500-engine horsepower per pair 
of motors. These motors are only 17 per 
cent heavier than the motors used with a 
400-horsepower engine in 1928. 


DESIGN 


H 


_ This increase in capacity has resulted 
from improvements which may be listed: 


1. Increased peripheral speed of armature. 
_ The armature peripheral speed has been in- 
creased from 8,500 to 12,500 feet per 
minute. This has been the result of im- 
proved methods of insulating and wedging 
the coils in the armature slots and better 
methods of banding the end windings with 
predetermined band tension and multi- 
layer nonmagnetic bands of high-tensile 
strength. 


2. Increased peripheral speed of commu- 
tator; from 7,000 to 10,000 feet per minute. 
This has resulted from the more detailed 
study of stresses in the commutator copper 
and steel parts and of the characteristics of 
mica, the use of an increased number of 
brush holders to keep down the over-all 
length, the seasoning of the commutator 
and the use of better grades of carbon 
brushes. 


3. Forced ventilation. A definite supply 
of ventilating air from a source relatively 
free from snow, water, oil, brake-shoe dust 
and dirt of all kinds is provided. 


4. Better insulation and processes in ap- 
plying the insulation. Mica tapes and 
wrappers with a lower per cent of combus- 
tible material, glass, and asbestos are used. 
Coils pressed to exact size exclude air and 
give high percentage of copper in the coil 
with good heat conducting characteristics 
and avoid shrinkage and consequent loosen- 
ing in service. Also improved sealing com- 
pounds exclude oil, moisture and air, thus 
permitting higher temperatures. It is also 
good practice to connect all motor and gen- 
erator field coils on the negative side to 
reduce the voltage stress in the field coils. 


5. Micarta wedges which are capable of 
standing higher temperatures. 


6. Nonmagnetic high-strength multilayer 
bands on the end windings. In addition to 
permitting higher peripheral speeds, the 
elimination of magnetic bands on the arma- 
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ture core and end windings reduces the 
commutating voltage materially. 


6 Multiple armature windings permit 
higher speeds with low commutating volt- 
age. 


8. Armature coils are designed to reduce 
eddy current loss. 
9. Roller bearings, 


10. Better gearing. 


OVERLOAD AND COMMUTATING CAPACITY 


With the increase in capacity, the loss 
in per cent of input is lower; however, 
with better ventilation the loss in watts 
per motor is increased, Since the motor 
weight has not materially increased, the 
thermal capacity in proportion to motor 
capacity has materially decreased. Hence 
much greater care must be used in apply- 
ing motors to a given service to avoid 
overloads that produce high tempera- 
tures, which by forcing expansion and con- 
traction will damage insulation. This is 
particularly true of armature windings 
which are much less free than field wind- 
ings to expand and contract. When the 
motor is operating at its highest ampere 
load, the speed is low and also the com- 
mutating voltage is low. Its overload 
capacity is determined by heating. When 
the motor is operating on weakest field 
with full engine power and highest volt- 
age, its commutating voltage is highest. 


Generators 


MAIN 


The capacity and speed of the main 
generators is determined by the capacity 
and speed of the engine. The generator 
differs from the motor in its speed, mount- 
ing and overload capacity. When the 
generator is operating at its highest am- 
pere load, full speed is obtained, hence its 
maximum capacity is determined by its 
ability to commutate heavy ampere loads 
as well as by heating. Compensating 
windings, often used on high-capacity 
generators, are not generally used on 
railway Diesel-engine generators. This 
is due to the space taken and the higher 
resistance of such windings. The main- 
pole air gap is tapered to reduce the 
maximum volts between bars and also 
to reduce the load core loss. 

Mechanical connection of the genera- 
tor armature direct to the engine shaft 
gives a substantial rigid connection using 
the weight of the generator armature in 
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place of an engine flywheel. The genera- 
tor stator is also usually direct connected 
to the engine frame. 


AUXILIARY 


It has become general practice to drive 
auxiliary machines such as compressors, 
radiator fans and main motor fans, and so 
on, from the engine. An auxiliary genera- 
tor need be of only small capacity, suffi- 
cient to charge battery and supply power 
for headlights, cab lights and miscellane- 
ous small auxiliaries. 


Control 


The differential exciter of special de- 
sign has been developed to give full engine 
loading over a wide range of locomotive 
speed under usual conditions. To pro- 
vide for unusual conditions and to secure 
the very maximum utilization of engine 
power, the field of the exciter is put under 
control of the engine governor. When 
fuel rack exceeds a predetermined setting, 
the exciter field is decreased, and when 
the fuel rack goes below this setting the 
field is returned to its normal maximum 
value. This avoids overload on the en- 
gine and keeps the fuel rack at full load 
without sacrificing the inherent advan- 
tages of the simple differential exciter. 
By operating on the exciter field, the phys- 
ical size of the device is kept low. Since 
the time constant of the exciter field is 
much more rapid than that of the main 
generator field, this does not slow up the 
operation. 


Conclusion 


For present high-speed passenger loco- 
motives, electrical equipment is available 
with a weight between 20 and 21 pounds 
per engine horsepower, with continuous 
rated speed 33 per cent of maximum serv- 
ice speed of above 100 miles per hour and 
with sufficient maximum tractive effort to 
slip wheels at 33 per cent adhesion. For 
freight locomotives with double the num- 
ber of motors per power plant, the weight 
is between 30 and 31 pounds per engine 
horsepower, and the continuous rated 
speed 16 per cent of maximumrated speed. 
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Distribution- Type Lightning-Arrrester 


Performance Characteristics 


AIEE COMMITTEE ON PROTECTIVE DEVICES 
Lightning Arrester Subcommittee* 


HIS report presents the results of 

work by the lightning arrester sub- 
committee to bring up to date and make 
available to the industry the performance 
characteristics of present day valve-type 
distribution arresters having a maximum 
rating of 3kv to 15 ky. Distribution ar- 
rester characteristics were given in a re- 
port by the lightning arrester subcom- 
mittee in ELECTRICAL ENGINEERING, vol- 
ume 56, May 1937, page 576. Since 
that date there have been changes in the 
arrester. The subcommittee felt it de- 
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Arrester impulse-gap breakdown, 
AIEE wave 


Figure 1. 
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Figure 2. Arrester impulse-gap breakdown 
(average values) 


sirable to present up-to-date values and 
also to include values at higher discharge 
currents than those previously given. 

Table I includes the arrester gap break- 
down values—maximum, average, and 
minimum—from tests on the arresters us- 
ing the rates of voltage rise specified in 
the Lightning Arrester Standards Bul- 
letin 28, ASA Standard C-62. Table I 
also shows maximum, average, and mini- 
mum JR discharge voltages for all ar- 
resters at discharge currents of 1,500, 
3,000, 5,000, 10,000, and 20,000 amperes, 
all on a 10x20 current wave. 

To enable rapid interpretation, the 
data have been plotted in curve form. 

Figure 1 shows the relationship of ar- 
rester gap breakdown for the AIKE rate 
of voltage rise versus arrester maximum 
rating, with maximum, average, and mini- 
mum values. 

Figure 2 shows arrester gap breakdown 
for other rates of voltage rise as well as 
for the AIEE standard rates. The 
breakdown values cover a range of 0.25 
microsecond to 6 microseconds. 

Figure 3 shows the spread found in JR 
discharge voltage values for a discharge 
current of 1,500 amperes, for the several 
voltage ratings. 

Figure 4 shows average JR discharge 
voltage for the different discharge cur- 
rents from 1,500 amperes to 20,000 am- 
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peres and the different voltage ratings 3 
to 15 kv. 

Four lightning-arrester manufacturers 
supplied the data from which the char- 
acteristics in the report were tabulated . 
and plotted. The values are for arrest- 
ers of present day manufacture and do 
not necessarily apply for older types. 

While the total spread for all manu- 
facturers is of the order of plus or minus 
40 per cent, the tolerance permitted by 
any one manufacturer does not exceed 
plus or minus 25 per cent for arrester — 
gap breakdown voltage, or plus or minus 
20 per cent for arrester IR discharge 
voltage from the average performance 
values which are published in his litera- 
ture. 

The 60-cycle spark potential of the 
arresters referred to in this report will not 
be less than 150 per cent of the arrester 
maximum line-to-ground rating. 

By comparing the volt-time character- 
istics of the insulation to be protected 
with the volt-time characteristics of the 
arrester, an evaluation can be made of 
the margin of protection. 
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Arrester discharge voltage at 1,500 
amperes 
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Figure 4. Arrester discharge voltage on 10x 
20 current wave (average values) 


Table I. Performance Characteristics Distribution-Type Arresters (3-15 Kv) 


IR Discharge Voltage on 10x20 Current Wave 
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{The AIEE wave is 50 kv per microsecond for arresters rated 3 and 6 kv and 100 kv per microsecond for arresters rated 9, 12, and 15 kv 
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N recent years operators have wanted 

# to know how much overload a trans- 
primer would carry for a given length of 
e without exceeding a safe tempera- 
ture. This knowledge would enable them 
to obtain the most from available equip- 
ment or to install equipment which would 
provide reasonable overload capacity in 
case of emergency. In order to do this, it 
is necessary to be able to calculate the 
temperatures within windings, and to 
know safe operating temperatures. 
_ It is not easy to calculate the tempera- 
tures within windings, and rough rules 
which are extremely conservative have 
been used. For example,itwas recognized 
that there were places in the windings 
hotter than the average temperature, and 
an arbitrary 10-degree hot-spot allowance 
was made. 

It is shown in this paper, that the hot- 
spot allowance for many transformers is 
less than five or six degrees centigrade, 
and that the gradients do not increase as 
fast as previously supposed, due to the 
effect of decreased oil viscosity at higher 
oil temperatures. This makes it possible 
to recommend much higher emergency 
overloads thanin the past. In anexample 
it is shown that 200 per cent load could be 
carried for one hour, without exceeding 
what appears to be a conservative tem- 
perature limit, as against previous recom- 
mendations of 138 per cent load for the 
same duration of time. 


Variation of Temperature With Load 


In presenting this subject, it is thought 
that it will be easier to follow if we take 
a specific transformer as an example and 
carry through calculations for a given 
overload. Comparison of the calculations 
and actual test results will show whether 
the method is accurate or not. 
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~ Hot- Spot Winding Temperatures in 
Self-Cooled Oil-Insulated Transformers 


PAUL NARBUTOVSKIH 


ASSOCIATE AIEE 


Test Data 


Full-load heat run, 2,000-kva single- 
phase transformer, 44,000 high voltage, 
2,300 low voltage, 60 cycles, 


Actual copper loss............ 9,450 watts 
Ig getcl COR at oe ee 5,200 watts 
ELOUAN LOSSES Menceni nn nero, 14,650 watts 
Ambient temperature.............. 27.5 C 
Rise by resistance, 

High voltage, winding ........... 34.8 C 

Low voltage, winding............ 33.8 C 
SOPIOU TISGe. Cer wnt acs aia 80 C 


An overload run was made at 135 per 
cent load. The copper losses at the 100 
per cent run were at an average copper 
temperature of approximately 34 degrees 
centigrade rise, plus 271/, degrees centi- 
grade ambient, or 61!/,degreescentigrade. 
If the winding on the 135 per cent run 
was at about 75 degrees centigrade, the 
copper losses would be: 


9,450 X 1.85? X (234.5+-75) 
ae eas Fk watts 

The total losses would then be 18,000+ 
5,200 or 23,200 watts. If the oil rise at 
full load was 30 degrees, the oil rise at 
135 per cent load should be 30X (23,200+ 
14,650)°:8 or 43.4. This is based on the 
assumption that the hot oil rise above am- 
bient varies as the 0.8 power of the total 
losses. The gradient between the high- 
voltage average copper and the hottest 


Table I. 


oil is 4.8 degrees centigrade, at full load. 


If the gradient varies as the 0.8 power of 
the copper losses, the new gradient should 
be 4.8X(18,000/9,450)%8 or 8 degrees 
centigrade, This would give an average 
copper rise of 43.4+8 or 51.4 degrees 
centigrade. 

The actual temperatures at 135 per cent 
load were 43 degrees centigrade oil rise, 
and 46.6 degrees centigrade copper rise, 
compared to 43.4 degrees and 51.4 degrees 
centigrade, respectively for calculated 
values. 

In order to check this further, several 
transformer test records were examined 
where overload runs had been made, and 
the results are tabulated in Table I, 
below. 

The interesting part of this tabulation 
is found in the fact that the oil rises seem 
to follow, within a few degrees, the values 
obtained by calculation, but it will be 
noted that there is a considerable dis- 
crepancy in the gradients. In general, 
they change much less than might be ex- 
pected. It will be noted that so far as the 
temperature rises at overloads are con- 
cerned, values calculated in this way from 
full-load data are apt to be higher than 
those obtained in actual runs. 

There are several reasons why these 
approximate methods give the results they 
do. The laws of convection and radiation 
of heat losses from the tank surface and 
radiators seem to be well established, and 
the average temperature rise above am- 
bient air varies very closely as the 0.8 
power of the losses. This would apply 
with a small error to both the hottest and 
the average oil, if the difference between 
top and average oil is not great. 

For example, suppose we have an aver- 
age-oil rise of 26 degrees centigrade, and 
a top-oil temperature rise of 30 degrees 
centigrade, at full load. We can refer 


Overload Heat-Run Data 


Copper 
Rise by 
Trans- Resistance 
former Copper Total 
Test Load Losses Losses H.V. L.V. 
A eed 9,450....14,650...34.8..33.8.. 
ae 135...18,000....23,200...46.6..48.1.. 
(100... Ee Vain wed. pg’ ae 
Die ataiee sae .. 8,550....10,815...31.9..34.9.. 
(135. .,105180......12,445....86. ..40 
C400 se 07,120) 105404... 81 8 1O%. Oe» 
CRRA }125 711,400), .14,684.,.40 <.41.9).. 
135. ..13,530....16,714...43.9. .44 
eee ,.10,800....14,508...31.5..33.3.. 
tA ae 125...17,620....20,840...41.5..43.3.. 
1135. ..20,450....23,670...47.2..47.9.. 
100s G60. se oeo0ls, «00. 1460.5. , 
tn ae }125 we 1055200-- 13:2207.). 400284, 
135... 12;900....15,600.....45. ..84.7... 


*Not calculated because of apparent ‘“‘negative’’ gradient. 
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Gradients 
Average Copper 
to Top Oil 
Top 
Oil Rise Actual Calculated 
Actual Calculated ELS Vieiedes Vs HV. L.V 
SUS astala de 5 wes eivicetinetele Ay 8 oe oS 
Ey ci Meus AB Nae ts AS GALOe Dalits aes . 6.4 
SAVANE Grab Oran eee iad Ghee 
Bardi terion AG adie taxes 5.4 Rt tn a Yihocie Sette! 
AY aoe oA 2) OR Be ee 4 Bese 8.4.. 9.3 
Ae LOY HE uc OL ON TRO TOR IO 5.3 8.5 
Sater tardon wuchckt BAD ois irs 6.7 SiGnee vatnnlcet 
BicBeinasa. OS fh ont en 6.4 (yeti are ey ale Se? 
VATE ORO Lea ROR 6.5 8.3 
Por i. Ske ei a SOSA ales 7 8.8... 9.6..12.3 
OUMN ahi ss CY (Pan eit 8. 8.9...10.8..13.8 
F SDD ctattathsale sin xo se 2 7.5. «7.5 
jie oO Eiey oens 5 208 teas 117 —O0l Ge LO. Sane 
ie Mane aaa 34 es estat 11 AS AV ET leion af fob 
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back to the first example given. The cal- 
culated top-oil temperature rise using the 
0.8-power rule at 135 per cent load is 
43.4 degrees centigrade, and actually was 
43 degrees centigrade. If the same rule is 
applied to the average-oil rise, which is 26 
degrees centigrade, at full load, the cal- 
culated value would be 37.6 degrees at 135 
percentload. The difference between the 
top-oil and average- or effective-oil tem- 
perature is assumed to be 4 degrees at full 
load. Suppose it varied anywhere from 
4 to 6 degrees at the overload. The cal- 
culated top-oil temperature rise would 
range from 41.6 to 43.6 degrees versus 43 
degrees test. This indicates that where 
the difference between top oil and average 
oil is not great, both of these rises may be 
assumed to vary as the 0.8 power of the 
losses. 

If we follow along this reasoning, the 
difference between the average copper and 
average oil adjacent to the coils will be 
8.8 degrees centigrade at full load, and 
14.7 degrees centigrade at 135 per cent 
load. This assumes that the gradient, 
copper to oil, varies as the 0.8 power of the 
losses. The difference between the top 
oil and average copper might then be, at 
135 per cent load, 14.7—6.0 degrees or 
8.7 degrees centigrade, compared to 3.6 
degrees centigrade measured. This 
indicates that there are other factors than 
those considered, or that the factors used 
are in error. These factors are oil flow 
or convection, and the effect of changes in 
oil temperature on the gradients between 
the copper and oil. 


Effect of Convection Currents 


The convection currents within wind- 
ings and in the radiators are not easily 
estimated from the dimensions, and no 
effort to provide methods for such calcu- 
lations is to be made in this discussion. 
However, it is possible to consider the 
variation of convection currents and their 
effect on temperature rise. Table I con- 
tains some interesting material. For ex- 
ample, there are variations in the test 
gradients of the low-voltage and high- 
voltage windings at different overloads 
which do not look consistent. Part of this 
may be due to experimental error. The 
corrections for “‘time to shut down’’ were 
made according to AIEE test standards. 
The largest factors in these variations are 
undoubtedly the difference in length and 
area of the oil paths through different 
windings and the variation in the watts 
loss per-unit area in the windings. This is 
particularly true in the case of the last 
unit. The low-voltage winding has a rela- 
tively large area of ducts, and a very low 
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Figure 1. Sketch showing main convection 
current in transformer and equivalent circuit, 
with oil temperatures at various points 


value of watts per square inch, com- 
pared to the high-voltage winding. The 
result is that the oil flows more easily 
through the low-voltage winding and is 
relatively cooler when it leaves the low- 
voltage coils than the oil leaving the high- 
voltage winding. If the watts per square 
inch of coil surface on both windings were 
the same and the length and area of the 
oil paths were the same, then both wind- 
ings would behave more nearly alike. 

If both windings are about alike, it is 
possible to replace them thermally with a 
heating and cooling circuit as shown in 
Figure 1. 


The density of the oil at #,=D,,= 
1 
WET rae te 
(1+0.00074 AZ) 


The pressure of the liquid in column 1 will 
be 


1 ile + 
*\1+0.00074 At 


Dene ute 
il te rr) 
eee 


2 
and in column 2 


Di, 
Pie Ty O,00074 At 
eens ote 


The difference between these quantities 
represents the ‘‘head”’ available to cause 
oil flow, or 


1,D u( Pte H 
te "\ 44.0.00074 At) 
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H=1,D; Ee eel t 
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Figure 2. Variation of kinematic viscosity of 
transformer oil with temperature 
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The conclusion can be drawn that the 
pressure head causing thermosyphon flow 
is practically proportional to the difference 
between the hot and cold oil temperatures. 
Although this is derived for a specific 
case, it is generally true as long as the 
temperature gradients in each leg remain © 
proportional. 

If the flow is slow enough, and is stream- 
line in character, not turbulent, the rate 
of flow is proportional to the head, and 
inversely proportional to the viscosity. 
This can be expressed as— 


At 
Rate of flow =K = 


Also the losses which are dissipated are 
equal to the rate of flow times the specific 
heat (S.H.) times the temperature differ- 
ence— 


Rate of flow X K2X (S.H.) X ( At) = losses 
At 
.. Losses=K =. < K2X(S.H.) X At 


*. (Aij)=K, WV. losses X viscosity 


Figure 2 shows the relationship be- 
tween oil temperature, in degrees centi- 
grade, and the kinematic viscosity of a 
transformer oil. In order to show the 
effect of these factors, a transformer was 
tested at overload, and top and bottom 
temperatures noted, as shown in Table II. 


Table Il 


Transformer Rating—1,667-Kva Single-Phase 

60-Cycle, 13.2 to 2.3 Kv. Copper Loss at 

75 Degrees Centigrade—11,308 Watts. Iron 
Loss 3,850 Watts 


80% 100% 120% 
Load Load Load 
High-voltage rise...... BD oI ais arouets SG wiestevsictans 68.5 
Low-voltage rise.......42.4...... 56.9 eee ee 69.8 
Asm bient,-\scrteleleteereiicre 27 Sects 31 uiceante 29.5 
TOp-Oil Tis@.o.5<:<:5 ae see SO Oaraiclerhe 49°01 60 
Top of radiator, 
rise esp Bt Veet ak S34 ons tyeaters AB at yas ee 56.5 
Bottom of radi- 
atof; TISe. j.34.<c0<0.0 Qa Pecick 34°C Ra coe 43.5 
Difference in radi- 
ator tempera- 
tures... ese see a8 12) aes LIA Aasirne 13 
Bottom-oil : 
temperature...... ns Soi aes occ 73° 
Viscosity:ccasceemtostre 0.070 ... 0.045 0.036 
Copper losses........ 7,100)... 11,750) en 72000 
Total losses iin... 10,950 ...15,600 ..21,350 
/Losses X Viscosity 27.7 ... 26.5 27.6 


The following conclusion may be 
reached: 


The difference between the top oil and 
average oil does not change greatly with 
load at constant ambient temperature, due 
to the nature of the oil flow and viscosity 
changes. If the velocity is sufficient to 
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tawtes % 
ice, there is the possibility 
ease in temperature differ- 


Effect of Oil Temperature on 
Gradient Between Copper and Oil 


wound with 0.009 thickness of paper in- 
ulation at various oil temperatures, both 


erature and copper temperature were 
easured at the top of the coil. In the 
e of the horizontal coils, the oil tem- 
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3 
WATTS PER SQ IN. OF COIL SURFACE 
Figure 3. Gradients between oil and copper 
for model transformer coils—coils in vertical 
plane 


peratures were measured both 2 inches 
from the coil horizontally, and also, in the 
duct between the coils and the tube inside 
the assembly. The oil temperature was 
found to be essentially the same in both 
places. The results of these tests are 
shown on Figures 3 and 4. It is of inter- 
est that the gradient for the vertical coils 
varies very closely to the 0.8 power of 
the watts per square inch for a given oil 
temperature, and that the gradient is 
higher for lower oil temperatures. It 
will be noted that low oil temperatures 
affect the gradient for horizontal coils 
very much, but at 80 degrees, the curves 
for both horizontal and vertical coils are 
substantially the same. This is very 
reasonable, as the viscosity of the oil at 
80 degrees centigrade is very low, and per- 
mits nearly as easy flow into the hori- 
zontal ducts as in the vertical ducts. 
There is one interesting fact that can be 
derived from Figure 4. If a transformer 
had an average of one watt per square 
inch dissipated on the coil surface at 60 
degrees centigrade, the gradient would be 
15 degrees. At 80 degrees centigrade, the 
watts per square inch would be increased 
to be approximately (234.5+95)/(234.5+- 
75) X1, or 329.5/309.5 equals 1.07. With 
80 degrees centigrade oil, the gradient 
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would be about 12 degrees. A change in 
ambient temperature of 20 degrees centi- 
grade, therefore, would make the tempera- 
ture rise 3 degrees centigrade less. This 
effect is less pronounced for transformers 
with vertical coils. 


Temperature Rises Under 
Transient Conditions 


In order to determine how the tempera- 
tures varied during short-time overloads, 
a test was made at varying loads for dif- 
ferent lengths of time on a 600-kva, three- 
phase transformer. The hottest spot tem- 
peratures were also measured by thermo- 
couples in the second coil from the top. 

Figure 5 shows the transient conditions 
between the oil and the copper, and since 
this is a fairly representative case, shows 
that this transient for most transformers 
will be completed in fifteen minutes, more 


GRADIENT — DEG C 


a2 O03: 0405 07 1.0 LS wie 364 
WATTS PER SQ IN. OF COIL SURFACE 


Figure 4. Gradients between oil and copper 
for model transformer coils—coils in hori- 
zontal plane 


or less, depending on the design and the 
current density in the copper. After this 
transient has ended, the determination of 
the hottest spot would be reduced to 
determining the difference between the 
average and top oil, and the gradient be- 
tween the top oil and the hottest copper. 
Since the top oil and the average oil 
have the same difference, or gradient, be- 
tween them on overloads of long duration, 
it would follow that this might also be 
true on shortér-time overloads. To satisfy 
this condition, the difference between the 
average rise by resistance and the hottest 
copper rise should also be constant, since 
the gradient between the copper and oil, 
adjacent to it at any place in the column 
of coils, should be substantially a con- 
stant. This would not be true if the con- 
ductor insulation, ventilation, and so 
forth, were not the same for the top coils 
as for the body coils. Figure 6 shows the 
temperature gradients found between the 
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Table III 
Semester, 


Hot-Spot Temperature— 


Time—Hours Degrees Centigrade 


b/g tattaroste iheite an Me reyes 140 
L/ sonra ot oni Aerie eee 135 
Di oWeh-sIRMS MANE racelcvere she Nats titel 130 
Ash Meera dees sweets 125 
ih | Coerase ras suscata arate halen scans TR 120 
B comb cnareth turannenen etre 115 
yr aee ae eit thay yy ee We cca 110 


top oil and both the hottest copper and 
the average copper. On the average, the 
difference between the hottest copper and 
the average copper was 8 degrees. The 
variation is within the limits of reason- 
able experimental error, and indicates 
that there would be no serious error in 
calculating hottest-spot temperatures us- 
ing this assumption. 


Application of Calculated Hot-Spot 
Temperatures 


The data obtained above are of interest 
because they can be applied to practical 
transformer design and operation. The 
most interesting application is in the 
determination of safe short-time overloads 
for transformers. In order to do this, a 


TEMPERATURE — DEG C 
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Figure 5. Transient temperatures in 600-kva 
transformer at 300 per cent load, starting cold 


table of safe temperatures must be estab- 
lished. To illustrate the point, assume the 
temperature-time table, Table III. 

The values for hot-spot temperature 
and the times associated with them are a 
matter of judgment, and are based on tests 
of insulation under oil at various tempera- 
tures.! These values are very conserva- 
tive, and higher values probably could be 
used when the present operating recom- 
mendations are revised. If we are to 
make a general application of these values, 
it is next necessary to establish average 
transformer characteristics. Such a study 
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VARIATION OF GRADIENTS, TOP 
OIL TO HOTTEST COPPER AND 
TO AVERAGE COPPER 
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Figure 6. Variation of gradients, top oil to 
hottest copper, and to average copper 


has led to the tabulation for power trans- 
formers shown in Table IV. . 

From other authors,? the approximate 
formula for transient oil rises has been 
derived as follows: 


T= T/(1—~e'/8) (1) 
where 


T;= Final temperature rise 
t=Time, hours 


TyXC 

B=Time constant = = 

C=Heat capacity 

L=Losses 

Table IV 

Ratio of losses, copper to iron, full- load. Bath 
Peete (CONST AIT aan gictoe eishens she Olen Mee eine 4 
Temperature rise—copper*............. 55 degrees 
TT OL-OUNTISE As perc stele ech eait ct o3 ee 50 degrees 


*Maximum allowed, not average values. Gradi- 
ents of 5 degrees between copper and hot-oil rises 
are common. 


The formula 1 can be shown to hold for 
any abrupt change in loading, so that if 
the transformer is fully loaded and at a 
steady state, a sudden increase in load 
wiil result in a transient determined by the 
difference between the final condition, 
under the overload, and the full load con- 
dition. 

It appears that for many transformers 
the actual hottest-spot temperatures are 
in the order of 6 degrees or less above the 
average copper temperature. In this case, 
the actual hottest spot should not exceed 
61 degrees. Also, the average oil rise will 
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Figure 7. Emergency 
overloads for various 
times 


TIMES RATED 
LOAD CURRENT 


Assumptions at Rated Load 
Ratio of losses=2 to 1 
Time constant = 4 


Power Transformers 
A—Ffollowing no load 
B—Following full load 


Oil rise =50° 
Hot spot =61° 
Time Times Rated Load 
Current Following: HotSpot Tempere- 


Hours  Full-Load No-Load ture in 30° Ambient 
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DO tore Vad Wi Petetasaisver Noire ee cate ae 125 
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i Teioe ao ain te disiete's iz8 Sins slesvpateterersen 115 
bP We ree DS atatocate joe bed earn Fie 110 


be 50—6 degrees or 44 degrees centigrade. 
Itisnow possible to calculate the overloads 
which can be applied for the times and 
temperatures given. As an example, let 
us pick one hour, and 130 degrees centi- 
grade. Cut and try methods are simplest, 


and we will assume the load to be 200 per . 


cent, 

At full load the total losses are equal to 
3X, where X equals the iron loss. 

At 200 per cent load the copper loss 
will be 8X, not correcting for tempera- 
ture change. Correcting for copper tem- 
perature change, assumed to be 124 de- 
grees centigrade, it would be 8XxX 
(234.5-+ 124)/(234.5+85) =9X. The total 
losses would be 10X. An ambient of 
30 degrees centigrade is assumed. 

Since the average oil rise is 44 degrees 
at 100 per cent load, at 200 per cent load, 
and with losses at 124 degrees centigrade, 
the ultimate rise would be (10/3)%-8x 44, 
or 115.0 degrees centigrade. 

If the original rise was 44 degrees centi- 
grade, the change in temperature rise is 
115 — 44 or 71 degrees centigrade. 

In one hour, the oil rise will be’ 


71(1—e— /*) =71X0.223 =15.9 degrees cen- 
tigrade 


The actual top-oil temperature will be 
15.9+50+30=95.9 degrees centigrade. 

If no allowance for the reduced oil 
viscosity is made, the winding gradient is 
obtained by multiplying the gradient at 
100 per cent load (=11 degrees centi- 
grade) by the ratio (9/2)%-8, which takes 
in account the increased losses, due to the 
change in copper temperature. There is 
an appreciable change in oil temperature, 
however, and Figure 4 and the previous 
discussion indicate that it should be safe 
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to assume that the increase in resistance 

loss at higher temperatures is compen-— 
sated for by the reduction in gradient, due 
to reduced oil viscosity. On this basis, 
the computed gradient for this case will 
be (8/2)%8X11=33.3 degrees centi- 

grade. 

The total rise is then 95.9 plus 33.3, 
equals 129.2 degrees centigrade, which 
indicates that 200 per cent load for one 
hour following full load will meet the 
temperature limits. 

By using similar methods, all of the 
values can be calculated. Figure 7 shows 
such a table and curve, giving values of — 
overload slightly below the computed 
values. Comparison of this with Figure 
17, Proposed Recommended Practices of 
the American Standards Association, 
page 86, indicates the conservatism of the 
older table. 


Table V. Table of Safe Emergency Loads for 
Different Times After Full Load 


Times Rated Load Current 


Values From 


Values From ASA, 


Time—Hours Figure 7 Figure 17 
LS sco.c. ees ne DelOL eee aint 1.6 
ENS cess cua 100. oe aa ee 1.38 
Dig aia, alcrststeGeerstis 1.7 os occ ete. 1.25 
Summary 


A more accurate method than previ- 
ously used for calculating temperature | 
rises in transformers has been derived, 
and applied both to steady and transient 
conditions. This latter application, along 
with the recognition that newer trans- 
formers have both lower gradients and 
better oil protection, give the possibility 
of recommending much higher emergency 
loads than previously given to such ap- 
paratus. 
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LECTROPNEUMATIC brakes for 
, main-line high-speed passenger trains 
are a recent innovation. Electropneu- 
matic brakes have, however, been known 
| and used for many years. The first 
im toad tests were made in 1887. 
‘The results were quite gratifying, but 
improvements in the pneumatic appara- 
tus resulted in such satisfactory perform- 
ance that the added expense and com- 
plication of electropneumatic control was 
clearly not warranted. Electropneumatic 
brakes have been used, however, in sub- 
way and elevated service, and in consider- 
able quantity, for more than 30 years. 

To understand why electropneumatic 
brakes have so generally been adopted for 
modern high-speed. trains requires some 

comprehension of the limitations of a 
strictly pneumatic system and some grasp 
of the part played by the brake in modern 
transportation. The importance of the 
brake, as a factor in the expeditious move- 
ment of trains, is not generally appreci- 
ated. The brake system suffers, in a con- 
sideration of its influence upon the main- 
tenance of high schedule speed, because 
its work seems entirely negative. That 
is, the purpose of the brake is to retard or 
stop trains, a result which can be attained, 
after a fashion, without any brake at all. 
Since the brake appears to be only assist- 
ing in an event which would take place 
anyway, its potentiality as a means to 
move trains faster over the road is not ap- 
parent at first glance. In fact, it seems 
anomalous to assert that a brake, which 
stops a train, has anything to do with 
covering ground, which obviously implies 
motion, but that this is actually the case 
will become apparent later. 

Because the work done by the brake is 
of a negative character, it frequently hap- 
pens that the technical difficulties in- 
volved in producing a satisfactory brake 
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‘lectropneumatic Brakes for High-Speed 
Trains With Particular Reference to Their 


Electrical Features 
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and the power embodied in it are not fully 
visualized by those who are not directly 
in contact with the braking situation. 
Many engineers are confronted with the 
problem of transferring heat energy into 
mechanical energy, as in steam or gas en- 
gines. Electrical engineers change, in 
motors, electrical energy into mechanical 
energy. Engineers, in general, are mainly 
preoccupied with obtaining mechanical 
energy from some other form of energy, 
whereas brake engineers, as a very special 
group, deal with the transformation of 
mechanical energy into heat. Although 
this transformation is the reverse of that 
ordinarily encountered, it is evident that 
many technical problems must be met 
with, a consideration of which is not per- 
tinent to this paper. 


It is believed, however, that some men- 
tion should be made of the power re- 
quirements of the modern brake. Neg- 
lecting friction, wind resistance, and so 
forth, it is obvious that, measured at the 
rail, the motor torque and the brake 
torque must be equal if a train is to be ac- 
celerated or decelerated at the same rate. 
But in actual practice, the brake torque is 
greater than the motor torque since the 
rate of deceleration exceeds the rate of 
acceleration. Furthermore, this higher 
brake torque is produced at the highest 
speeds. Consequently, since horsepower 
is proportional to the product of torque 
and velocity, the horsepower involved in 
deceleration is many times as great as 
the horsepower involved in acceleration. 
Thus, to decelerate a 1,000-ton train, at 
100 miles per hour, at the rate of 2.2 
miles per hour per second, involves the 
dissipation of 53,500 horsepower. 


Horsepower may be used to indicate 
the rate at which a brake dissipates en- 
ergy, since it is a less cumbersome expres- 
sion than foot-pounds or Btu’s per second 
and is also a concept familiar to engineers. 
But it should be noted that, from the heat 
viewpoint, the horsepower of a motor is a 
very different thing from the horsepower 
of a brake. The heating of the motor, 
caused by I?R loss, friction, and so on, has 
a low value, expressed as horsepower, 
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since it is but a small percentage of the 
output horsepower. The entire output 
of the brake, on the other hand, is heat. 
When expressing the energy dissipated 
by a brake in terms of horsepower, there- 
fore, it must be remembered that the 
quantity of heat involved is many times 
the heat found in a motor of similar horse- 
power. 

It is clear that in braking trains, me- 
chanical energy is transformed into heat 
at a very rapid rate and that very quickly 
tremendous quantities of heat are gener- 
ated. Fortunately, since a brake can be 
installed at each wheel, this heat does 
not have to be dissipated in some local- 
ized area, but instead can be dissipated at 
each wheel in the train. The problem of 
heat dissipation is thereby made much 
easier of solution. In addition, a brake 
at each wheel makes possible the shortest 
stop, because it enables the maximum re- 
tarding force to act upon the train. It is 
evident that since a brake has to be pro- 
vided at each wheel, both in order to 
handle heat satisfactorily and to produce 
the necessary retardation, the air brake 
must provide for remote control of all 
these brakes from the head end. 

Electrical engineers will recognize a 
certain similarity between a multiple-unit 
control system and an air-brake control 
system. In the electrical system, each 
car is fitted with a control group or box; 
in the pneumatic system, each car is fitted 
with a triple valve or its equivalent of 
universal or control valve. In the elec- 
trical system, the controller is moved 
from its off to its on position by remote 
control from the head end; in the pneu- 
matic system, the triple valve is moved 
from its release to its applied position, 
again by remote control from the head 
end. In the electrical system, the con- 
troller progresses or notches up under re- 
mote control from the head end; in the 
pneumatic system, the triple valve gradu- 
ates on or applies the brake fully, also 
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under remote control from the head end. 

If there are certain similarities between 
a multiple-unit control system and an air- 
brake control system, there are three 
striking dissimilarities. The first of these 
is that the electrical system employs 
several control wires, whereas the pneu- 
matic system employs but a single control 
pipe, the familiar brake pipe. The sec- 
ond dissimilarity is that the control wires 
of the electrical system transmit control 
current only and do not carry the main 
motor current; the single pipe of the 
pneumatic system handles not only air 
for control purposes, but also the air for 
charging the brake cylinders, which in- 
volves substantial volumes of air. The 
third dissimilarity is that current flows 
through the control wires with the speed 
of light, whereas air flows through the 
brake pipe with the velocity of sound as 
the limit. 


It is well-known that car brakes are 
caused to be applied by reducing the pres- 
sure in the brake pipe, but this operation 
should be examined in some detail in order 
that the reasons for electropneumatic con- 
trol may be better understood. It is a 
comparatively simple matter to move a 
car controller from its off to its on posi- 
tion by remote control from the head end, 
but a somewhat more difficult operation 
to move a control valve from its release 
to its applied position, the equivalent of 
from off to on with the controller. This 
difficulty arises because the brake pipe is 
used, not only as the control medium, but 
also as the means of transporting large 
quantities of air to the car supply reser- 
voirs, from which the brake cylinders are 
charged. Because of this function, which 
means that the feed grooves are open, the 
control valves, in release position, are not 
in a condition to respond to slight reduc- 
tions in brake-pipe pressure occurring at a 
relatively slow rate. 


To move the control valves from their 
off to their on position, it is necessary, 
therefore, to make a slight reduction in 
brake-pipe pressure throughout the train 
rather rapidly. This reduction cannot be 
made too rapidly, however, because then 
an emergency and not a service applica- 
tion would develop, not to mention cer- 
tain other undesirable results. In order 
that this reduction in pressure may occur 
quickly throughout the train and with 
minimum pressure gradient from head to 
rear, control valves are provided with a 
quick-service feature which causes the 
pressure to be vented locally, at each con- 
trol valve, at the same time that a reduc- 
tion is being made at the brake valve. 
With this arrangement, the control valve 
on the last car of a long train can be 
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moved from its off to its on position in a 
few seconds. 
time is roughly proportional to the linear 
length of the brake pipe; that is, in long 
trains about one second is required for 
each 300 feet of brake pipe. In other 
words, if a train were of such length that 
the control valve on the last car was 1,000 
feet from the brake valve, this control 
valve would move from its off to its on 
position about 3.3 seconds after the brake 
valve had been placed in service position. 

It should be noted that 300 feet per sec- 
ond applies to the last car only. The 
combined action of the quick-service fea- 
ture and the flow of air from the rear is 
such that the first car does not apply until 
shortly before the last car. In conse- 
quence, at the expiration of a brief inter- 
val proportional to the length of the train, 
control valves, from head to rear, move 
from their off to their on positions with a 
fair approach to simultaneity. 
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The operation just described covers the 
movement of the control valves through- 
out the train from release to application 
position, in which position the brake cyl- 
inders are charged with compressed air 
from the car reservoirs. In order that 
the brake cylinders may be charged to 
full-service pressure, the brake-pipe pres- 
sure must be reduced, on each car, 24 
pounds or, say, from 110 to 86 pounds. 
It is clear that the pressure in a long pipe, 
commencing at the head end, cannot be 
lowered 24 pounds throughout its length, 
except when an appreciable time is avail- 
able, and particularly when the gradient 
in pressure, from head to rear, must be 
held toa minimum. With the most mod- 
ern pneumatic equipment, including con- 
tinuous quick-service valves, it takes 
roughly 15 seconds, after placing the 
brake valve in service position, to build up 
full-service cylinder pressure on the last 
car of an 18-car train. 

The release of the brakes, or the move- 
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It has been found that the - 


ment of the car control valves back to off 
position, is accomplished by building up — 
pressure in the brake pipe. After a full 
service application, as stated above, the 
brake-pipe pressure throughout the train, 
is roughly 86 pounds, and this pressure 
must be restored to about 110 pounds be- 
fore all pressure can be completely re- 
leased from the brake cylinders. Since 
the brake-pipe pressure is restored from 
the head end and against the drain of car 
reservoirs which are, at this time, re- 
charging themselves from the brake pipe, _ 
a substantial time element is involved, al- 
though this time is still a matter of sec- 
onds and not greatly different from the 
time to apply all brakes fully. 

It is clear that the operations just de- 
scribed involve transient pneumatic phe- 
nomena. Electrical engineers appreciate 
the difficulty attached to understanding 
and controlling transient electrical phe- 
nomena. They probably will not dissent 
from the statement that transient phe- 
nomena in a gas, or elastic medium, pre- 
sent technical problems at leastas difficult. 
Many of these problems can be circum- 
vented by utilizing electrical control 
means. 

Since 1887 at least, it has been under- 
stood that the time element involved in 
applying or releasing brakes could be 
greatly reduced by the use of electricity 
and since that time many systems of elec- 
tropneumatic control have been devised, 
and several types have been placed in ac- 
tual service. The type used on the mod- 
ern high-speed train may be called a two- 
pipe system. That is, a second pipe, 
termed the straight air pipe, is employed 
as well as the familiar brake pipe. The 
straight air pipe only is used during elec- 
tropneumatic operation. 

Each car is equipped with electropneu- 
matic valves. When these valves are 
energized from the head end, pressure is 
built up locally on each car, in the straight 
air pipe, so that the pressure in the 
straight air pipe throughout the train can 
be brought up quickly to full service value. 
Suitable pneumatic relays, controlled by 
straight air-pipe pressure, charge the car- 
brake cylinders to the pressure existing in 
the straight air pipe and in the same time. 
With this system of control, full-service 
cylinder pressure can be secured in about 
four seconds from brake-valve movement 
on all cars of a train of any length. To re- 
lease the cylinder pressure, the electro- 
pneumatic valves are de-energized, which 
vents the straight air-pipe pressure locally 
throughout the train. Brake-cylinder 
pressure is consequently rapidly released. 

With this system, it is evident that in 
service operation, three results, which 
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cannot be obtained with pneumatic con- 
trol alone, are accomplished. 


Pressure commences to appear in all 


_ brake cylinders throughout a train of any 
length at substantially the instant the brake 
valve is placed in service position. 


2. The cylinders throughout the train can 


be charged simultaneously to full pressure 


| in a time fixed by the designer’s option. 


3. Pressure in the cylinders throughout the 
train can be completely exhausted simul- 
taneously in a time again fixed by the de- 


signer’s option. 


, 


seconds. 


It will be noted that the time saved by 
electropneumatic control is a matter of 
The question arises as to why a 
few seconds is an item of any great mo- 


_ ment in the operation of high-speed main- 


line trains, which make few stops and 
few slowdowns. If one of these trains, 
however, traveling at 100 miles per hour 
or about 150 feet per second, has to make 
an emergency stop to save lives and avoid 
property damage, the importance of sav- 
ing a few seconds in brake-application 
time is self-evident. This aspect of elec- 
tropneumatic control is so well under- 
stood that no particular comment seems 
called for. But since the effect of electro- 
pneumatic control on service operation is 
less widely understood, some comment in 
this connection may be of value. 

Figure 1 illustrates a situation which 
arises more or less frequently in actual 
service. A train is moving along the 
track, still accelerating, when it encoun- 
ters, at A, an unfavorable signal aspect 
and under circumstances which indicate 
that a service-application stop must be 
made at once. Power is immediately 
shut off and the brake valve placed inserv- 
ice position. With pneumatic brakes, 
the train decelerates along the line AB; 
with electropneumatic brakes, along the 
line AC. The stop distance with the 
pneumatic train is represented by the 
area ABD; with the electropneumatic 
train, by the area ACD. The cross- 
hatched area is the saving in stop dis- 
tance, which, obviously, is far from negli- 
gible. 

This chart has been prepared to show 
the gain brought about by a single factor, 
that is, the use of electricity, and does not 
refer to any specific train. It assumes 
that a full service application, with either 
brake, produces a retardation of 1.25 
miles per hour per second, and that this 
retardation is constant, irrespective of 
speed or temperature. When the brake is 
partially applied, the retardation is taken 
as directly proportional to the cylinder 
pressure. The cylinder-pressure build- 
up is assumed to duplicate laboratory 
tests of an 18-car train. The retardation 
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is supposed to depend entirely upon the 
car-cylinder pressures, that is, the locomo- 
tive brake blends harmoniously ' with 
either system of car brakes. Internal 
and wind resistance is neglected. 

None of these assumptions corresponds 
precisely with the conditions found in 
actual operation. Notwithstanding, it is 
believed that the chart fairly indicates 
the order of the shortening of service-stop 
distances, on a comparative basis, accom- 
plished by adding electricity to the pneu- 
matic-braking system. The saving re- 
duces as the number of cars in the train 
decreases but never entirely vanishes, 
because the pneumatic-application time is 
always greater than the electropneumatic 
time, even for a one-car train. 

Since signal spacing is based upon serv- 
ice-stopping distances, the situation de- 
scribed above is of considerable practical 
importance. Another aspect of service- 
stopping distances was mentioned by R. 
P. Johnson, chief engineer, Baldwin Loco- 
motive Works (Transactions of the Ameri- 
can Society of Mechanical Engineers, 
October 1941, page 614) before the so- 
ciety, namely: 

“Modern high-speed operation presents 
problems in deceleration as well as accelera- 
tion, but the paper does not say much about 
this. On some railroads, such as the New 
Haven, station stops may be rather close. 
If, on such a road, the decelerating force 
were relatively low, the train could not, 


within the distance, be permitted to attain 
the maximum speed of which it is capable.” 


Figure 2, which is based on the same 
assumptions as Figure 1, illustrates a 
situation frequently encountered in regu- 
lar service. The train is proceeding 
along the track, still accelerating. Sud- 
denly a condition arises which may call 
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for a brake application. This condition 
may be an unfavorable signal indication 
which is not clearing as expected, an 
automobile crossing the track, a track- 
repair gang somewhat slow to move, or 
any unexpected interference, of a tem-— 
porary nature, which may call for a stop. 
A brake application is deferred as long 
as possible but with pneumatic brakes, 
in order to stop short of the interference, 
the brake valve has to be placed in servy- 
ice position at A and the train deceler- 
ates along the line AB. To stop at the 
same point with faster-acting electro- 
pneumatic brakes, the brake valve does 
not have to be placed in service position 
until several seconds later or at C. The 
train then decelerates along line CB. 

At C, the temporary interference clears; 
that is, the signal aspect becomes favor- 
able, the automobile completes its pass- 
age across the track, the track gang gets 
out of the way, and so on. The brake 
valve is, therefore, immediately placed in 
a position to release the brakes. The 
train continues to decelerate, of course, 
until the brakes are completely released, 
which occurs at D with the pneumatic 
brakes and at F with the electropneu- 
matic. Power is then applied and the 
train accelerates. The cross-hatched area 
indicates the greater distance covered by 
the electropneumatic train in the time 
OF. It will be noted also that at F, the 
electropneumatic train is at a higher 
speed than the pneumatic train and is 
consequently still gaining distance. 

It has been stated that in Figures 1 and 
2, it is assumed that a full-service applica- 
tion of either the pneumatic or the elec- 
tropneumatic brake produces the same re- 
tardation. The savings discussed above 
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are, therefore, those to be credited en- 
tirely to the use of electricity. It will be 
observed that these savings are obtained 
in situations where the brake valve has to 
be placed in service or release position 
without any prior warning At regular 
station stops or slow-order curves, the 
need for a brake application or release 
can be anticipated, in which event the 
savings under discussion, with skillful 
handling, largely disappear. But there 
are so many occasions in actual opera- 
tion, apart from emergency stops, when 
the brake must be applied or released 
without advance notice that electropneu- 
matic brakes contribute materially to the 
expeditious movement of high-speed 
trains, 


In this connection, the release function 
is of particular interest. Since a long 
time and a considerable distance are 
needed to accelerate a train to the high- 
speed zone, it is important that the high 
speed, once attained, be held as long as 
possible; that is, that slowdowns and 
stops be reduced to the absolute mini- 
mum. The urgent necessity of such a 
course can be readily appreciated by any- 
one who has noted the effect of one or two 
stops, or a long detour, on the mileage 
covered in an all-day automobile trip. 
The railroads, from the beginning of high- 
speed operation, have fully appreciated 
this necessity. Large sums of money 
have been spent to eliminate speed re- 
strictions at curves, track intersections, 
grade crossings, and so on. Meets have 
been arranged so that high-speed trains 
would not be called upon to reduce speed. 
Steps have even been taken with track- 
repair gangs so that their presence would 
not interfere with the maintenance of high 
speed. 


That brake release has an effect upon 
these improvements is not always con- 
sidered. But it is clear that since slow 
orders cannot be completely eliminated, 
slow-releasing brakes introduce an addi- 
tional penalty, because the speed of the 
train, due to slow-brake release, is brought 
down somewhat below that called for by 
the slow order. Electropneumatic brakes, 
because of their fast release, assist greatly 
in reducing this penalty to a minimum. 


That brakes play an important part in 
maintaining schedule speeds is evidenced 
by astatement by A. A. Raymond, super- 
intendent of fuel and locomotive perform- 
ance, New York Central (Railway Age, 
September 20, 1941, page 446) before the 
American Society of Mechanical Engi- 
neers, namely: 


“While acceleration only has been shown, 
getting over the road in the minimum 
amount of time is affected also by the rate of 
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deceleration, although, in general, more time 
is lost accelerating than decelerating.” 


A detailed description of the operation 
of the complete electropneumatic brake 
does not come within the scope of this 
paper. In fact, it appears that such a 
description would possess only a very 
limited appeal. It is thought, however, 
that certain features of the brake involv- 
ing problems of electrical control, which 
are not widely, nor ordinarily encoun- 
tered, will interest electrical engineers in 
general. 

It has been emphasized that electro- 
pneumatic brakes can be quickly brought 
into action, or as quickly taken out of ac- 
tion. In addition, it has been previously 
pointed out in this paper that a train- 
braking system comprises a large number 
of individual brakes, or one per wheel, 
and that they must all be controlled re- 
motely from the leading unit. The re- 
tarding force at each wheel is created by 
brake-shoe friction; the brake-shoe fric- 
tion is proportional to the brake-shoe 
pressure; and the brake-shoe pressure is 
proportional to the brake-cylinder pres- 
sure. It follows that regulation of the 
cylinder pressure within close limits is es- 
sential if the retardation of the train is to 
be controlled with maximum satisfaction, 

Figure 3 shows, in simplified form, the 
essential elements of the electropneumatic 
system for controlling cylinder pressure. 
When the brake valve at the left is moved 
to service position, pressure is built up in 
chamber A of the master controller. This 
pressure causes shaft B to move to the 
right and close a set of contacts which en- 
ergize the release wire from the battery. 
All release-magnet valves R throughout 
the train are then energized, thereby clos- 
ing all exhaust ports from the straight air 
pipe. Continued movement of shaft B to 
the right closes the application contacts, 
which causes all the application-magnet 
valves A throughout the train to be ener- 
gized and opened, thereby permitting air 
to flow from the auxiliary reservoirs to 
the straight air pipe. When pressure is 
built up in the straight air pipe, the relay 
valves open and from the supply reser- 
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voirs, charge the brake cylinders to the 
pressure existing in the straight air pipe. 
Meantime, pressure from the straight air 
pipe has been building up in chamber G 
of the master controller. When this 
pressure almost equals that in chamber A, 
spring D moves shaft B to the left and 
opens the application contacts. The ap- 
plication magnets close and the cylinder 
pressure remains equal to that in chamber 
A, 

To release the cylinder pressure, the 
brake valve is moved to release position _ 
which releases the pressure in chamber A. 
Shaft B then moves to the left and opens 
the release contacts. All release-magnet 
valves are then de-energized and straight 
air-pipe pressure is exhausted to atmos- — 
phere at each magnet bracket. Exhaust- 
ing the straight air-pipe pressure causes 
the relay valves to move to a position in 
which the brake cylinders are connected 
to atmosphere. The brakes are thereby 
released. 

The very simplicity of this control sys- 
tem tends to obscure the many advan- 
tages it possesses. These advantages rep- 
resent such an advance in the brake art 
that it is believed attention should be di- 
rected to them. 

The brake valve employed with this 
system retains an old name but actually 
the mode of operation is entirely changed. 
The self-lapping brake valve is essenti- 
ally a two-way regulating valve; that is, 
it regulates the pressure admitted to 
or discharged from chamber A. When 
the brake-valve handle is moved to the 
right, out of its normal or release position, 
each position of the handle calls for a 
definite pressure. In other words, when 
the handle is placed in a certain position, 
the pressure in chamber A is increased or 
decreased, depending upon whether it is 
less or greater than the pressure called for 
by the position of the brake-valve handle. 
The pressure can be increased or de- 
creased at will in very small steps. It is 
independent of the volume of chamber A 
or the pipe attached thereto and is not 
affected by any reasonable leakage from 
volume or pipe. Those who are ac- 
quainted with old-style brake valves will 
appreciate what an advance in the art 
this self-lapping brake valve represents. 


For practical purposes, the master con- 
troller moves to its application position, 
the application-magnet valves are ener- 
gized and the relay valves are opened co- 
incident with placing the brake valve in 
an application position. It has been pre- 
viously explained that several seconds 
are required to move the control valves 
of the purely pneumatic system from their 
off to their on position with trains of 
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customary length. All this time is 
eliminated by electropneumatic control. 
Furthermore, the time of charging the 
brake cylinders to full pressure is not con- 
tingent upon dropping the pressure 
throughout a long brake pipe. Instead, 
the application-magnet valves on each car 
can charge the small straight air-pipe 
volume of each car very quickly and the 
_brake-cylinder pressure, through the ac- 
tion of the relay valves, keeps pace there- 
with. Each application-magnet valve is 
provided with a choke so that the time of 
fully charging the straight air pipe is pre- 
fixed at about four seconds. It is not 
necessary to change the size of this choke 
_ to compensate for variations in car length, 
_ and so on, because the straight air pipe it- 
self averages out variations since it is 
continuous throughout the train. If a 
magnet valve should become inoperative, 
this continuous pipe supplies the neces- 
sary air from front and rear. If, during 
an application, the pressure in the straight 
air pipe should reduce through leakage, 
which is probable since its volume is small, 
the master controller promptly moves to 
the right, re-energizes the application- 
magnet valves, and restores the loss in 
pressure. 


Electropneumatic brakes can be ap- 
plied to one-half their full-service effec- 
tiveness in about two seconds. It is 
clear that if the pressure build-up had to 
be shut off by moving a brake valve back 
from service to lap, very considerable skill 
would be required, if indeed it could be 
done with reasonable accuracy. With 
the system shown in Figure 3, the brake 
valve is moved half way toward full-serv- 
ice position, which produces one-half the 
full-service pressure in chamber A. As 
soon as this pressure is attained in the 
straight air pipe, and hence the brake cyl- 
inder, the master controller de-energizes 
the application-magnet valves. It is 
plain that this system makes it possible to 
apply and release brakes partially, de- 
spite the very short times involved, easily, 
positively, and uniformly. 

It is apparent that with this system, 
the control of cylinder pressure is not in- 
fluenced by the number of cars that may 
be in the train. This is in decided con- 
trast to a purely pneumatic system in 
which the time to obtain a certain cylin- 
der pressure changes with the number of 
cars in the train. That brake action 
should be independent of train length is 
obviously so desirable as to call for no ex- 
tended comment. 

The action of the relay valve, which di- 
rectly charges the brake cylinder, is not 
changed by variable brake-cylinder vol- 
ume. Variations in brake-cylinder pres- 
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sure caused by variations in piston travel, 
a troublesome problem with older pneu- 
matic brakes, are entirely overcome. 
Moreover, the relay valve automatically 
maintains the brake-cylinder pressure 
against leakage. 

The net result of this control system is 
that any cylinder pressure desired, re- 
quiring either an increase or a decrease 
over the pressure previously existing, may 
be easily, positively, and uniformly ob- 
tained in a very short time which is al- 
ways the same irrespective of train 
length; and independent of variations 
in pipe volumes, changes in brake cylinder 
piston travel, or brake cylinder leakage. 
Similar results, particularly with respect 
to time, cannot be attained with a one- 
pipe pneumatic system. 

It is well known that the friction of 
cast-iron brake shoes, for a given pres- 
sure, decreases as the speed increases. 
If the same retardation is to be obtained 
in the high-speed brackets as in the low, a 
greater brake-shoe pressure must be em- 
ployed at the higher speeds. It has been 
found empirically that satisfactory results 
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are obtained if 100 per cent of this higher 
pressure is employed at speeds above 65 
miles per hour, 80 per cent between 65 
and 40 miles per hour, 60 per cent between 
40 and 20 miles per hour, and 40 per cent 
at speeds below 20 miles per hour. To 
make these changes automatically, it is 
evident that a speed-recognizing device is 
required. For this purpose, a generator, 
usually axle-mounted, is employed. 

A generator to measure speed is a 
familiar arrangement but such generators 
ordinarily provide energy only sufficient 
to operate indicating instruments. 
generator here considered has to supply 
enough energy to operate a system of re- 
lays, which means that at 100 miles per 
hour the generator output is about six 
watts. Since the relays operate on direct 
current, a d-c generator is used, and op- 
eration in either direction is taken care 
of by a directional relay. 

One problem with relays, of course, is 
that they pull in with one voltage and 
drop out with an appreciably lower volt- 
age. This characteristic has to be over- 
come with the speed-control system, since 
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it is desired that speed recognition be as 
sharp and definite as possible. The 
method used is illustrated by Figure 4. 

When the generator has built up suf- 
ficient ampere turns in the lower coil of 
the pilot relay to pull in the armature, 
the closing of the contacts energizes the 
lower coil of the repeater relay. The flux 
thereby built up induces a current in the 
upper circuit which adds to the ampere 
turns of the pilot relay, so that its arma- 
ture is pulled in without hesitation or 
fluttering. Opening of the upper con- 
tacts of the repeater relay cuts additional 
resistance into the circuit of the lower 
coil of the pilot valve. It consequently 
drops out on a higher voltage than would 
otherwise be the case. 

The result achieved with this combina- 
tion is that if the pilot relay pulls in at a 
speed of 69 miles per hour, it drops out at 
no less than 65 miles per hour and ordi- 
narily at a somewhat higher speed. This 
four-mile-per-hour maximum range repre- 
sents a drop of 5.8 per cent. Despite 
the fact that this device must be suf- 
ficiently rugged to withstand the shocks 
of railway service, its range approaches 
that of a household thermostat. 

This generator can also be used to pre- 
vent wheel sliding. When used for this 
purpose, the generators are termed ‘‘De- 
celostats” and one is required per axle, 

It is obvious that not very much time is 
available to prevent wheel sliding. When 
the wheel is rolling freely with brakes ap- 
plied, a very small portion of the braking 
torque is devoted to destroying the angu- 
lar velocity of the wheel and axle as- 
sembly, but the greater portion is bal- 
anced by the counter torque set up at the 
rail. But the retarding force set up at the 
rail cannot exceed the product of the co- 
efficient of adhesion and the pressure actu- 
ally exerted by the wheel on the rail. If 
the retarding force is near the adhesion 
limit, therefore, it is clear that the wheel 
will slip if 


1. The braking torque, for any reason, in- 
creases abnormally. 


2. The pressure of the wheel on the rail is 
reduced because of oscillations, and so on. 


83. The coefficient of adhesion decreases be- 
cause a section of bad rail is encountered. 


If one or more of these conditions arise, 
the wheel and axle assembly loses angular 
velocity with great rapidity because the 
braking torque is directed almost entirely 
to arresting the rotary motion of the 
wheel and axle assembly. The wheels 
may cease revolving completely in a 
time which may not exceed 1 second. 

A mechanism to prevent wheel sliding, 
therefore, must recognize wheel slippage 
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A Control System fot Modern Multiple- 
Unit Rapid- Transit Cars 


H. G. MOORE 


ASSOCIATE AIEE 


UCH has been accomplished in re- 
cent years in the development of re- 
fined systems of control for traction mo- 
tors as applied to buses, trolley coaches 
and street cars. Chief among the innova- 
tions is the extensive use of some form of 
electric braking—either as a holding 
brake for limiting speed when descending 
a grade or as a service brake for retarding 
the speed of the vehicle each time a slow- 
down or stop is made. 

The latter type of brake is used as the 
principal means of braking PCC (Presi- 
dents’ Conference Committee) cars, being 
supplemented by magnetic track brakes 
to obtain rates of retardation beyond the 
adhesive limit of wheels to rail and com- 
plemented by some form of friction brake 
to provide means of retarding the car at 
speeds at which the electric brake is not 
effective and to hold the car at standstill 
on a grade. The electric service brake 
is obtained by connecting the motors so 
that they operate as series-excited genera- 
tors, the output being absorbed by the 
same resistors used for acceleration. To 
control this output under widely varying 
and continually changing conditions of 
speed and load requires the use of a novel 
switching and regulating scheme. 

The success with which the equipment 
for PCC cars has met in street railway 
service has led to its adaptation to mul- 


tiple-unit service. A notable example of . 


such adaptation is the ‘compartment 


Paper 42-49, recommended by the AIEE committee 
on land transportation for presentation at the AIEE 
winter convention, New York, N. Y., January 
26-30, 1942. Manuscript submitted November 12, 
1941; made available for printing December 23, 
1941. 


H. G. Moors is of the transportation control engi- 
neering department, General Electric Company, 
Erie, Pa. 


car’, a number of which have been placed 
in operation by the New York City Tran- 
sit System (Brooklyn-Manhattan Tran- 
sit division). Because of conditions pecul- 
iar to operation in multiple-unit and from 
third-rail supply in subway and elevated 
service, various modifications and addi- 
tional features (as compared to PCC car 
equipment) are provided. 


Characteristics of Dynamic Braking 


Methods of determining the accelerat- 
ing and braking characteristics of d-c 
series-excited machines and control are 
well known. For the elementary circuits 
illustrated by Figure 1 the following rela- 
tions apply: 

In Figure la, - 


2TyRa= Vi—2nEy—2lyRu (1)° 


and, in Figure 1b, 


where V;,, is line voltage and Ry, is the 
motor resistance (including effective 
brush-contact resistance). 

Equation 2 is of particular interest, be- 
cause it illustrates that, since Ey is a 
function of I,, the braking resistance is a 
linear function of speed for any constant 
value of current J,,. In fact, from equa- 
tion 2 


ee (3) 


where Roe=Rz+Ry=total circuit resist- 
ance. 

If, therefore, the ratio I,,/Ey, for each 
value of field strength used in braking be 
plotted as a function of Ty, as shown in 
Figure 2, very useful curves for determin- 


promptly and must act quickly to release 
brake cylinder pressure. How this can be 
accomplished with a generator is illus- 
trated by Figure 5. The generator 
charges a condenser through a unidirec- 
tional relay. If the wheel is losing angu- 
lar velocity at an abnormal rate, as it does 
when the wheel slips, the generator volt- 
age drops at an abnormalrate. The con- 
denser then discharges a current sufficient 
to trip the sensitive relay, which causes a 
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magnet valve to be energized and pres- 
sure to be released very rapidly from the 
brake cylinder. 

In conclusion, it should be pointed out 
that electropneumatic brakes involve con- 
trol of the brake-cylinder pressure from 
the brake valve and do not necessarily 
include speed governor or ‘‘Decelostat”’ 
control. That is, speed governors and 
“Decelostats” may or may not be used 
with electropneumatic brakes. 
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ing braking characteristics of the machine 
are provided. The curves are the basic 
form. of all constant-resistance braking 
curves of the machine as, by multiplying 
the ordinate scale by any value of Rg, the 
curves become the current-speed charac- 
teristics for that circuit resistance. For 
example, with a circuit resistance of three 
ohms, the GH-+1198 motor (full-field) will 
generate 200 amperes at 3,000 rpm. By 
further multiplying the ordinate scale 
by the proper factor determined by gear 
ratio and wheel diameter, the speed can 
be expressed in the more familiar unit of 
miles per hour car speed. 

The curves also clearly show, for each 
field strength, the critical ratio of speed 
to circuit resistance below which the 
machines will not generate appreciable 
current. At this critical ratio the machines 
are very sensitive to slight changes in 
speed and resistance, this condition rep- 
resenting operation in the unsaturated 
portion of the magnetization curve. 


Switching and Spotting 


Obviously, in the interests of safety and 
efficient operation, the response of dy- 
namic braking to the control of the opera- 
tor or to automatic application for an 
emergency stop must be prompt but free 
of surges which might cause discomfort 
or injury to passengers. 


Switching from accelerating to braking 
connections is facilitated by the use of 
motors connected permanently in parallel 
relation as it is necessary only to transfer 
the location of the resistors in the circuit. 


Fl Fe 


(b) BRAKING CIRCUIT 


Figure 1. Elementary motor-circuit connec- 
tions showing relations of current and electro- 
motive force 


!y—NMotor current 

E—Motor electromotive force per unit speed 
n—Speed 

R4—Variable accelerating resistance 

Rg—Variable braking resistance 
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t is not necessary to operate the motor 
eversers and, in the braking connection, 
the exciting fields are ‘‘cross-connected”’ 
© insure equal division of load between 
e two parallel groups of machines. 
It is not enough to merely establish the 
braking connections, but the circuit re- 
sistance must also be quickly adjusted to 
‘the value which will give the desired 
value of braking current at any speed at 
which the brake may be applied. This 
operation has been termed “spotting” 
the control, and various schemes have been 
: used to accomplish the desired results. 
One scheme which has been successfully 
used is to arrange that, regardless of car 
and motor speed, the braking resistance 
be at (or near) its maximum value at the 
time of switching to the braking connec- 
tions, and then to rapidly reduce the re- 
sistance until the current builds up to the 
desired value. This requires, regardless 
of the means for controlling the-resistance, 
that the control be capable of rapid opera- 
tion and that its current-responsive regu- 
lating system be capable of quickly stop- 
ping operation before the resistance has 
been reduced to too low a value. The 
principal advantage of this scheme is that 
the braking sequence is practically inde- 
pendent of the accelerating sequence, and 
a “switching step” of acceleration control 
can be provided wherein the accelerating 
resistance can be retained at maximum 
value. 


The principal factor governing the cor- 
rect value of braking resistance is, how- 
ever, the speed of the car and motors. 
This suggests, if the acceleration sequence 
be suitably arranged and controlled in re- 
lation to motor speed, that braking cur- 
rent can be obtained immediately upon 
switching to the braking connection with- 
out requiring that the resistance control 
operate to change the load resistance. 
Such ideal operation cannot be attained 
in practice because of the wide ranges of 
accelerating and braking currents used, 
but is approximated in the control sys- 
tems now generally used for PCC cars. 
Such systems permit the use of a less 
powerful drive for the resistance con- 
troller but requires, even on the ‘‘switch- 
ing step”, that the acceleration sequence 
progress so as to maintain the required 
relation of resistance to car speed. 


Coasting Operation 


A refinement of the spotting operation 
can be provided by utilizing the interval 
in which the car may be allowed to coast 
before the application of braking. This is 
done by automatically switching the mo- 
tor circuit to the braking connection and 
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allowing the braking sequence to progress 
immediately after the operator shuts off 
accelerating power. However, under this 
condition, the braking current is held to 
a very low value and the exciting fields 
are partially shunted to maintain the re- 
sulting retardation at a negligible value, 
The control thereupon operates to estab- 
lish the circuit resistance at the critical 
value corresponding to that particular 
field strength and car speed. 

By proper choice of field strength and 
value of current used for coasting, the 
equipment may be made to provide im- 
mediate response to the application of 
dynamic braking simply by the operation 
of unshunting the exciting fields. As an 
example, from Figure 2, if the coasting 
current is maintained at 20 amperes with 
fields partially shunted, a current of ap- 
proximately 95 amperes will be obtained 
by full-field operation without change in 
either motor speed or circuit resistance. 
Thereafter this or higher values of braking 
current are obtained by the resistanee 
control operating automatically in re- 
sponse to a current-sensitive relay to 
maintain the speed-resistance ratio at the 
value corresponding to the desired brak- 
ing current. 


Specific Connections and Operating 
Sequence 


Figure 3 illustrates, with some modifi- 
cations described later as being incident 
to multiple-unit operation and a particu- 
lar type of service, a complete motor cir- 
cuit fora PCC car. The resistor section 
R1-R2 indicated as having a tap which 
can be moved from position A to position 
B takes the form of a rheostatic, or ‘‘com- 
mutator”, controller as shown by Figure 
4. This device is essentially a stationary 
commutator with 137 active bars on 
about 330 degrees of the periphery, each 


Ba hl ole ele ee 
Aa a cl a 
£1 oy a Oa NES 


160 200 240 


Oo 40 80 120 
MOTOR CURRENT (Iw) 


Figure 2. Basic characteristics of GE-1198 
motor operating as a series-excited generator 
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connected by copper straps to resistor 
elements. Each active commutator bar, 
therefore, represents a tap on the whole 
resistor section R1-R2. Six carbon- 
tipped fingers or “brushes” are carried 
in constant contact with the surface of 
the commutator by an arm driven by a 
small reversible motor so as to rotate in 
either direction over the active bars. 
Mechanical stops are provided to prevent 
rotating the brushes over the inactive 
commutator bars which, with their slot 
insulation, serve to insulate resistor ter- 
minals Rl and R2 from each other over 
the remaining 30 degrees of periphery. 

The direction of rotation of the pilot 
motor and brush arm is controlled solely 
by the combinations of contactors which 
may be closed, and the speed is con- 
trolled primarily by the operation of ac- 
celerating and braking relay ABR. 

For an acceleration from standstill to 
maximum speed, line contactors LB1, 
LB2 and LB3 close to complete the power 
circuit with all of rheostatic controller re- 
sistance R1-R2 and resistor sections R2- 
R3 and R3-R4 in series with the motors. 
The initial value of current and tractive 
effort so obtained is equivalent to a rate 
of only about 0.4 mile per hour per second 
for the usual weight of car. 

Contactors C1 and C2 close in sequence 
to leave only the rheostatic controller in 
series with the motors and thus, in two 
steps, increase the current and tractive 
effort to approximately the value required 
for acceleration at the minimum service 
rate. The rheostatic controller then op- 
erates to move its brush arm from posi- 
tion A towards position B under control 
of relay ABR which, in turn, is responsive 
to current in its operating coil ABR (a). 
If a high rate of acceleration is required, 
relay ABR is made responsive to a corre- 
sponding value of current and the rheo- 
static-controller brush arm is permitted 
to move rapidly until this current is ob- 
tained. Thereafter, the speed of brush- 
arm movement is closely regulated to 
maintain constant current through the 
motors as the car speed increases. 

When the brush arm reaches position 
B, the motors are operating at full volt- 
age and contactor LB4 closes to prevent 
the re-insertion of resistor R1-R2 when 
the brush arm subsequently moves back 
towards position A. At this point in the 
sequence, transfer switch T'S operates to 
open its contact (a) and close contact (0). 
This has no immediate effect in the motor 
circuit but is in anticipation of a following 
coasting or braking sequence. As the 
brush arm returns to position A, field- 
shunting contactors FS1, FS2, FS4 and 
FS3 are closed in sequence by circuits 
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Figure 3. Motor-circuit connections for accelerating and braking 


controlled by cams mounted on the brush- 
arm shaft of the rheostatic controller. 

The motor circuit may be switched to 
the braking connections at any time in 
the accelerating sequence by opening all 
contactors which may have closed and 
immediately closing braking contactors 
Bi and B2. As transfer switch TS and 
the rheostatic-controller brush arm do not 
change position during this operation, the 
value of braking resistance initially ob- 
tained in the braking circuit is determined 
by the status of the accelerating sequence 
just preceding the switching operation. 
Thus, if the acceleration sequence had 
been completed with rheostatic-controller 
brush arm returned to position A, the in- 
itial braking resistance would be at a 
maximum value, or the sum of all re- 
sistances shown. On the other hand, if 
the circuit were switched to braking con- 
nections at some low speed such that the 
brush arm was still moving from position 
A toward position B, the initial braking 
resistance would be only that part of 
section R1-R2 which had been cut out 
during the partial acceleration, plus the 
resistance of section R5-R6. This latter 
section is never cut out of the braking cir- 
cuit, because it has been found impracti- 
cal—except by means otherwise detri- 
mental—to automatically regulate the 
braking current at very low speeds where 
the response of the motor to changes in 
speed-resistance ratio is very sluggish. 

While either coasting or braking, the 
speed of brush-arm movement is again 
controlled primarily by the operation of 
relay ABR which is now responsive to an 
operating coil ABR () connected so as 
to be energized by the voltage drop across 
resistor section R5-R6. By use of a suit- 
able control resistance in series with this 
operating coil, the range of operation of 
the relay in respect to braking current 
through resistor R5-R6 can be readily 
changed from a very low value, corre- 
sponding to coasting current, to high 
values, corresponding to normal service 
and emergency braking, by allowing con- 
tact BR to open. 

The complete coasting and braking se- 
quence from high speed consists of first 
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moving the rheostatic controller brush 
arm from position A towards. position B, 
transfer switch contact TS (b) having 


- been closed and contact TS (a) having 


been opened in the preceding accelera- 
tion sequence. When the brush arm 
reaches position B, the transfer switch 
operates to open contact T'S (b) and close 
contact TS (a). Since the resistance of 
sections R2-R3-R4-R7 is essentially the 
same as the resistance of the rheostatic 
controller resistor, the operation of the 
transfer switch re-inserts the resistor R1- 
R2 in the braking circuit without surge 
due to abrupt change of load resistance. 
As the car speed continues to decrease, 
the rheostatic-controller brush arm moves 
back to position A until, finally, only 
resistor R5-R6 is left in the circuit and 
the dynamic braking ‘“‘fades out” at very 
low car speeds. 

As previously indicated, the braking 
connections may be established at any 
speed and, therefore, the braking se- 
quence described may be foreshortened 
by any amount. 

The relation of braking-sequence pro- 
gression to speed of the car also permits 
the switching to accelerating connections 
and the reapplication of power quickly and 
smoothly at any speed. A typical dia- 
gram showing the relation of sequence 
progression to car speed for extreme rates 
of acceleration and braking is shown in 
Figure 5. 


Cushioned Shutoff 


Emphasis has often been given, in the 
design of accelerating and braking control, 
to the smooth application of power and 
brakes, particularly where high rates of 
acceleration and braking are provided. 
It is quite as important that if, while 
accelerating at a high rate, the operator 
finds it necessary to coast, power be re- 
moved in easy steps to avoid passenger 
discomfort. This is accomplished by in- 
troducing sequential opening of contac- 
tors C2, Cl, the field-shunting contactors 
(if accelerating sequence has progressed 
that far) and, finally, the line contactors. 
If it is necessary to make a brake applica- 
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Figure 4. Rheostatic motor controller 


tion, however, the sequential operation is 
automatically nullified and the switching 
of the motor circuit to braking connec- 
tions is obtained without delay. 

A cushioned release of high rates of 
dynamic braking is obtained by the nor- 
mal operation of partially shunting the 
motor fields when coasting. The braking 
current does not immediately drop to the 
normal coasting value because of the rela- 
tive characteristics of braking with full 
and partially shunted fields. 


Control of 
Rheostatic Motor Controller 


Figure 6 shows the complete circuit for 
speed and directional control of the pilot 
motor which drives the rheostatic con- 
troller brush arm. The motor is provided 
with separate series-exciting fields for 
each direction of rotation so as to simplify 
the reversing operation by contactor in- 
terlocks. It should be noted that the di- 
rection of rotation is always such as to 
reduce traction-motor circuit resistance, 
whether accelerating or braking. No 
voltage, therefore, appears between the 
commutator bars of the rheostatic con- 
troller and the trailing edges of the car- 
bon-tipped fingers, and the voltage at the 
leading edge is so low as to preclude any 
possibility of burning or sparking. 

Control of the speed of the pilot motor 
in response to accelerating or coasting 
and braking currents is provided through 
the medium of relay ABR which, at a 
predetermined current determined by 
tension of a restraining spring, picks up 
to short-circuit the pilot-motor armature. 
Besides the operating coils (a) used dur- 
ing acceleration, and (6) used during 
coasting and braking, a third coil (c) is in 
series with the circuit controlled by ABR. 
This coil provides a powerful anticipatory 
response to increasing current in the trac- 
tion-motor circuit to prevent ‘‘over- 
shooting” and, at the regulated value of 
traction-motor current, causes the relay 
to operate on one or more of the sequen- 
tially closed contacts with a vibrating ac- 
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field excitation of the pilot motor and, 
therefore, the speed of brush-arm move- 
ment is regulated to maintain constant 
current through the traction motors. 
Where service is such that the cars may 
be operated frequently at maximum speed 
it is desirable to prevent the repeated use 
“of dynamic braking at loads beyond safe 
operating limits of the traction motors. 
As these limits are characterized by an 
almost constant value of armature volt- 
age, a voltage-limit relay VLR may be 
provided to control the rheostatic-con- 
troller pilot motor in a manner similar to 
telay ABR, but responsive to a prede- 
termined traction-motor overvoltage. 
‘The effect of voltage-limit operation on 
braking sequence is indicated by the 
broken line at the top of Figure 5. 


Multiple-Unit Operation 


Figure 7 shows one of a number of mul- 
tiple-unit rapid-transit ‘‘compartment”’ 
cars to which the electric equipment of a 
PCC car has been adapted. Each com- 
partment car is equivalent to two PCC 
cars in electrical equipment, as each car 
has four two-axle trucks supporting three 
articulated body sections designated A, 
Band Al. The outer sections, A and Al, 
are identical and carry the major portion 
of the electrical equipment. The car 
weight per motor is approximately 15 per 
cent greater than that of a standard PCC 
car but, as the car operates in less fre- 
quent stop service, is well within the ca- 
pacity of the motors. 

Multiple-unit operation requires that 
certain devices (controlled mechanically 
by the operator of a PCC car) be ar- 
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B 
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Figure 5. Typical sequence diagram 
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ranged for remote control. The hand- 
operated reverser of the PCC car is re- 
placed by a conventional electropneu- 
matic reverser, controlled by the ener- 
gization of either one of two train wires. 
On a PCC car, the accelerating and 
braking currents are controlled by vary- 
ing the tension of the accelerating- and 
braking-relay restraining spring. For 
remote control, the spring is fixed at a 
value which will normally cause the relay 
to operate at the desired maximum values 
of current. Lower operating currents are 
obtained by energizing a separate coil 
section, ABR (d) of Figure 6, at various 
currents to assist the other coils in clos- 
ing the relay contacts. A variable volt- 
age is supplied the train wire to which the 
rate coils are connected by a potentiome- 
ter incorporated in the master controllers. 

It is neither practicable nor safe to con- 
trol all of the circuits directly through 
train wires from the master controllers, 
because 


(a) Some circuits must be energized to ob- 
tain dynamic braking sequence. 


(6) Some circuits associated with under- 
voltage protection are controlled inde- 
pendently of the master controller. 


(c)° The capacity and number of master 
controller fingers and train wires would be 
increased appreciably by direct control. 


The control circuits of each equipment 
are supplied, so far as is practical, from 
the local battery and its charging genera- 
tor on each A and A1 section, through 
contacts on auxiliary relays which, in 
turn, are controlled through train wires 
from the master controllers. Because of 
the possibility of open circuits or short 
circuits on these train wires, the circuits 
are arranged so that it is necessary to 
energize two or more train wires to release 
all types of brakes with which the cars 
are equipped (electric, magnetic track 
and friction brakes), and also it is neces- 
sary to energize two or more train wires 
to accelerate the cars. Failure of any es- 
sential train wire therefore cannot pre- 
vent the removal of power and the appli- 
cation of brakes. 


Low-Voltage Bus 


All control-voltage storage batteries in 
a train are connected in parallel to pro- 
vide a reasonable division of load and to 
insure a reliable supply of power for the 
master control and train-wire circuits. 
The battery positives are each connected 
to the positive bus line through a limiting 
resistor, which serves the dual purpose of 
diminishing the effects of inequalities in 
the setting of the battery-charging gen- 
erator-voltage regulators and, in case of 
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a fault between positive and negative bus 
lines, prevents quick depletion of battery 
charge by limiting the fault current to the 
full-load capacity of the charging genera- 
tors, 

It is very desirable to ground the bat- 
tery system to prevent or minimize dam- 
age to low-voltage control devices and 
insulation if a fault should occur between 
the control circuits and the high-voltage 
power circuits. Grounding one of the 
battery bus lines at more than one point 
in a train, however, invites the diversion 
of power current from its normal return 
path through the running rails, if the 
train should pass over a high-resistance 
rail bond. In such circumstances the bat- 
tery negatives, while connected directly 
to the train wire used as the negative bus 
line, are also connected to ‘“‘ground”’ (car 
structure) through a resistance such as 
will limit the current diverted from the 
rail to the capacity of the bus line and yet 
pass power-to-control fault currents which 
may occur. 


Remote Battery 
Disconnect Contactors 


To prevent back circuits through con- 
tacts in master controllers which are not 
being operated, all such contacts are usu- 
ally required to be open when the master 
controller is nonoperative. But this does 
not de-energize control circuits local to 
each equipment which are essential to 
the operation of brakes. In particular, 
the magnetic track brakes are fully ener- 
gized from local batteries and charging 
generators when all control circuits are 
opened preparatory to changing control 
stations or laying the car up in yard or 
shop. To automatically remove these 
power loads which are no longer required 
after the car or train is at standstill, the 
circuits are supplied through contactors 
which are closed by energizing a train 
wire whenever any master controller is 
operative. Each contactor mechanically 
latches in the closed position so that the 
local circuits will not be interrupted if the 
train wire is subsequently and uninten- 
tionally open-circuited. The contactors 
are automatically tripped open. by mo- 
mentarily energizing another train wire 
in the sequence of movements the opera- 
tor must make in making a master con- 
troller nonoperative. 


Cutting Out Bad-Order Cars 


It is of extreme importance that means 
be provided to permit the continued 
operation in multiple unit of any equip- 
ment in the train which may not be func- 
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tioning properly. This is particularly 
true of equipments having motors con- 
nected permanently in parallel or having 
provision for the type of electric braking 
here described. Failure of a motor re- 
verser to throw to a position in agreement 
with direction of train movement will 
cause the motors to build up as short- 
circuited series generators, the current 
flowing around the “‘loop” circuit formed 
by the motor interconnections. Failure 
of the braking-circuit contactors to open 
or the sequence to progress will cause ab- 
normal braking currents to be generated 
while the rest of the train is being accel- 
erated. 

To guard against such contingencies a 
train-wire circuit is provided which, en- 
ergized at the rear end of the train, can be 
completed to the front or operating end 
to operate a control relay and permit 
the acceleration of the train, only if all 
reversers in the train have assumed a po- 
sition in agreement with the desired direc- 
tion of train movement, and only if the 
braking connections of all motor circuits 
have been interrupted. 

Failure to accelerate a train because of 
operation of this protective circuit re- 
quires that the motor “loop” circuit of 
the defective or ‘‘bad-order”’ car be inter- 
rupted by some means. This is accom- 
plished by the operator momentarily 
energizing a train wire which causes cut- 
out relays in each equipment to operate 
contacts which, in turn, de-energize the 
operating coil of a “loop contactor” in 
the motor circuit of that equipment. 
The opening of this contactor (designated 
LC in Figure 3) effectively prevents the 
motors acting as series generators under 
any condition and, by electrical inter- 
locking, prevents the closing of line con- 
tactors on that equipment. The operat- 
ing coil of contactor LC is normally en- 
ergized directly from the battery-charging 
generator. As this generator is driven by 
the motor which also drives a blower for 
forced ventilation of the resistors and 
rheostatic controller, loss of ventilation 
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will also cause that equipment to auto- 
matically cut out. 

The cutout relays, when operated to 
open all loop contactors, latch in this po- 
sition. As soon as the operator attempts 
another acceleration, however, all cutout 
relays associated with equipments which 
are functioning properly are tripped out, 
the loop contactors on all but defective 
equipments close, and a normal accelera- 
tion is made. A cutout relay which re- 
mains latched in on a bad-order car also 
causes a light to burn continuously to as- 
sist in location of that car so that it can 
be readily removed from service for cor- 
rection of the defect. 


Overspeed and Braking 
Overload Protection 


Protection against braking overloads 
is not desirable or necessary on a PCC 
car, because loss of dynamic braking due 
to the operation of an overload relay 
would mean complete loss of the principal 
braking means, and, in any case, the cur- 
rent is limited by the loss of adhesion of 
wheels to the rail. 

In the case of multiple-unit compart- 
ment cars the loss of dynamic braking 
on one equipment in a train is not so 
serious; the greater weight per axle may 
cause overloads of greater magnitude 
before the wheels slide on the rail, and the 
operation of a whole train should not be 
handicapped by the possibility of re- 
peated overload in one equipment. Ac- 
cordingly, a braking overload relay is 
provided which operates to open the loop 
contactor if a braking current in excess of 
normal maximum value is obtained. The 
relay latches in position and may be reset 
only by hand. The circuits are arranged 
so that the loop contactor can reclose 
during each acceleration sequence, and 
the operation of the braking overload re- 
lay, therefore, does not result in loss of 
accelerating ability. 

The possibility of running at sustained 
high speeds is much more prevalent in 
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rapid-transit service than in street rail 
way service. It is, therefore, desirab} 
to limit (or at least to make less likely 
the operation of a train above a prede 
termined speed which may be determine 
by any one of several factors. To thi 
end a speed relay is provided which oper 
ates when a speed of 40 miles per hour i 
attained in acceleration. The relay is o 
the differential type, having a balancec 
beam attracted to one position by a coi 
which carries motor-exciting field current 
and attracted to another position by 
coil which is excited in proportion to mo 
tor armature voltage. See Figure 3 
At the high motor speed and low curren 
at which the relay is required to operate 
the motor is unsaturated, and the ratic 
of armature voltage to field current is es: 
sentially proportional to speed. At the 
ratio corresponding to 40 miles per hou 
the relay operates to open the field-shunt- 
ing contactors and thus reduce the motoz 
tractive effort to a value below the trair 
resistance. 


Line Breakers and 
Overload Protection 


The magnitude of fault currents that 
may occur on circuits connected to the 
third-rail supply requires extraordinary 
provisions for interruption of the currents. 
Line contactors designated LB1 and LB? 
in Figure 3 are each identical in most de- 
tails with the single line breaker used on 
PCC cars. They are magnetically oper- 
ated, and each is provided with an inde- 
pendent overload tripping mechanism. 
This mechanism not only de-energizes the 
operating coil of the contactor but alse 
mechanically forces the main contacts 
open at high speed. Two line contactors 
are used in series to provide a high factor 
of safety in interrupting power faults, 

The overload mechanisms latch ir 
operated position, but, since they may 
have been operated by a nonrepetitive 
occurrence such as an abrupt rise in supply 
voltage, they may be remotely reset by 
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TILIZATION waltage is usually 
thought of in terms of the voltage 
rating of the lamps used, or of a nominal 
standard voltage announced by the com- 
pany rendering service. It is probably 
quite generally understood that the volt- 
age actually appearing at the outlets to 
which lamps or appliances are connected 
varies somewhat from time to time. 
What is not so well recognized, however, 
is the fact that the voltages delivered at 
customers’ outlets on any power system 
are normally distributed in a character- 
istic pattern through a band of voltage of 
considerable width. It is the purpose of 
this paper to point out that this voltage 
band or spread is an inherent character- 
istic of the system, to discuss its source 
and its nature, and to indicate the connec- 
tion between it and the design and rating 
of utilization equipment. 

The voltage which will be treated in 
this discussion is the ‘utilization volt- 
age’ as distinguished from ‘“‘service 
voltage.” That is, it is the voltage ap- 
pearing at wall outlets and lamp sockets 
rather than that which the utility sup- 
plies at the service entrance to the build- 
ing. The difference between these volt- 
ages is the voltage drop in the building 
wiring, which is an appreciable amount, as 
will be shown. 

While utilization equipment is built for 
various voltage classes, the major portion 
is applied at voltages in the 120-volt 
group. Attention will be given to these 
first, therefore, but mention will be made 
later of the special problems encountered 
with the higher voltages. 


the operator momentarily closing a control 
switch provided for this purpose. Opera- 
tion of an overload relay does not prevent 
obtaining normal] dynamic braking. 


Summary 


Operating the series motors of a street 
railway car as series generators is a con- 
venient way of providing electric braking, 
but, since the motors are self-excited 
while braking, they are very sensitive to 
changing speed and load conditions. This 
is particularly true of modern small high- 
speed motors which operate at relatively 
low-flux densities. Control systems are 
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Utilization Voltages 
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Voltage Spread 


It would be preferable if the general 
conception of utilization voltage could be 
that of a band or spread of voltages be- 
tween defined limits, rather than of a 
single voltage such as 115 volts or 120 
volts. It is, of course, commonly ac- 
cepted that a piece of commercial utiliza- 
tion equipment may be called upon to 
operate at other voltages than the rating 
stamped on its name plate. There 
seems to be a tendency, however, to con- 
sider such variations as deviations from a 
normal voltage rather than as themselves 
normal voltages within a normal voltage 
band. It should be clearly understood 
that on any ordinary distribution system 
such a voltage spread is inherent in its 
operation. At heavy-load periods, the 
voltage delivered at customers’ outlets 
will, of necessity, be distributed through- 
out a band which is rarely less than 6 or 8 
volts where close regulation is feasible, 
and may be as wide as 15 volts in some 
areas. 

With reference to utilization equip- 
ment, this means that the equipment is 
expected to operate satisfactorily to the 
users through this band of voltage on any 
individual system, and through a still 
wider spread of voltage in general when 


Paper 42-69, recommended by the AIEE commit- 
tees on domestic and commercial applications and 
power transmission and distribution for presenta- 
tion at the AIEE winter convention, New York, 
N. Y., January 26-30, 1942. Manuscript sub- 
mitted November 27, 1941; made available for 
printing December 19, 1941. 


Howarp P. SEELYE is senior engineer, engineering 
division, The Detroit Edison Company, Detroit, 
Mich. 


available and in use, however, which pro- 
vide a smooth, responsive and flexible 
electric brake which has replaced the air 
brake as the principal means of braking 
modern cars in street railway service. 

The use of such a control system with 
electric braking has been extended to 
multiple-unit rapid-transit cars by adapt- 
ing the equipment of the PCC car to con- 
form to the requirements of remote con- 
trol without sacrifice in safety or reli- 
ability, and by providing special features 
in recognition of the distinctive operating 
conditions encountered in rapid-transit 
service. 
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the variations between systems are taken 
into account. Only a part of this equip- 
ment will actually operate regularly at its 
rated voltage, the rest being used as volt- 
ages ranging from the lowest to the high- 
est limits of the spread. It follows, there- 
fore, that, in the design of such equip- 
ment, the emphasis must be placed as 
far as possible on having good operating 
characteristics over a specified band of 
voltage rather than at some one voltage. 
In order that this voltage band be so 
placed as to be most advantageous to the 
users, it is essential that a generally ac- 
cepted standard voltage spread for the 
industry be fixed and defined. 

A considerable amount of work has 
been done by the transmission and dis- 
tribution committee and the electrical 
equipment committee of the Edison Elec- 
tric Institute during the past few years 
toward the establishment of standards of 
utilization voltage, particularly this volt- 
age spread for satisfactory operation. 
Surveys were made of 45 operating com- 
panies to obtain data in regard to the ac- 
tual operating voltages in use. The data 
from these surveys, and other information 
on this subject which has been presented 
to these committees, have been made 
available to the author for use in the 
following discussion. 

The ‘reasons for the normal voltage 
spread will first be described. The 
numerical order of existing spreads and 
their limits and the standards which have 
been proposed will then be discussed. 
Following that, there will be pointed out 
for some of the commoner types of equip- 
ment, the conditions of operation to 
which weight should be given in choosing 
their ‘‘best voltage.”’ 


Causes of Voltage Spread 


There are, in general, three causes for 
the existence of a ‘‘spread”’ in utilization 
voltage. The first two pertain to the 
variation between different power systems 
throughout the country. The third is 
responsible for the deviations in any one 
system or circuit. All three should be 
given careful consideration in setting a 
voltage standard or an apparatus rating. 


1. Lamp-VOLTAGE RATINGS 


It is well known, of course, that lamps 
are made in several standard-voltage rat- 
ings, 110, 115, 120, 125, 130 volts, and so 
on. This and an even greater variety of 
ratings came into existence in the early 
growth of the industry. At first this was 
largely on account of the inability of the 
makers of carbon lamps to standardize 
their product to definite voltage ratings. 
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sales, according to voltage rating 


Later, as manufacturing control im- 
proved, it was continued on accotmt of 
the same sort of voltage spread on oper- 
ating systems which is being discussed 
here. As time went on there was a 
tendency toward concentration on a few 
definite ratings. This was facilitated by 
the fact that the negative resistance 
characteristic of tungsten lamps _per- 
mitted a lamp to be used satisfactorily 
through a wider spread of applied voltage 
than was allowable with the positive 
characteristics of carbonlamps. Figure 1 
shows how the lamp sales have varied in 
proportion to voltage rating since 1915. 
It is of interest that, whereas 115-volt 
lamps were in the majority from 1920 to 
1930, they are now only 30 per cent of the 
total, while 120-volt lamps now constitute 
65 per cent; 110-volt lamps have become 
a negligible factor; 125-volt and 130-volt 
lamps are still insignificant, being more 
or less special. It is evident, however, 
that there are a sufficient number of both 
115- and 120-volt lamps in use to account 
for a spread of voltage between different 
systems which use them, even if the other 
ratings are not considered. 

The shift from 115- to 120-volt lamps 
has been due to several causes, among 
them the desire to gain the advantages of 
higher voltage in distribution and the in- 
troduction in recent years of the 120/208- 
volt three-phase four-wire secondary net- 
work. Motor ratings have remained at 
110 volts until recently when the standard 
for single-phase motors has been raised to 
115 volts in the National Electrical 
Manufacturers’ Association Standards 
and in the proposed revision of American 
Standards Association Standard C50. 
Other utilization appliances have been 
variously rated at voltages from 110 to 
120. 
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It is believed desirable to discourage a 


future repetition of this shift in voltage 


preference to an eventual predominance 
of one of the higher-voltage lamps. 
There is now considerable confusion in 
the ratings and applications of both 
lamps and appliances. A continued rise 
in lamp voltages would add to the con- 
fusion, particularly in regard to the ap- 
pliances. These must attempt to cover 
the whole field of voltages in use but can- 
not follow changes so readily, their useful 
life being much longer than that of lamps. 
The establishment of a standard voltage 
spread would tend to restrict further ex- 
tension of that spread upward, unless the 
advantages were to become obvious and 
generally acceptable. 


2. RELATION OF RATING TO OUTLET 
VOLTAGE 


In addition to the differences in lamp- 
(and system-) voltage ratings, there exists 
in the industry well founded differences 
of opinion in regard to the relation which 
the utilization voltage should bear to the 
rating of the lamp used. Figure 2 shows 
the characteristic variation in lamp 
lumens, energy consumption, and lamp 
life with variation in applied voltage. 
Some operators prefer to have the lamps 
operate as nearly as possible at their volt- 
age rating. Others believe that the in- 
creased life resulting from voltages a little 
under rating is of more practicable value 
than the higher illumination, and shorter 
life which results from operation at rated 
voltage or higher. Others take the oppo- 
site view, that the increased lumens per 
watt at over-voltage operation are prefer- 
able. The question is basically one of 
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Figure 2. Variations in incandescent-lamp 
characteristics with voltage 
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economy, involving the relation betweer 

the cost of lamps and the cost of electrical 

energy. It must be considered, however, 

that the nuisance of too frequent lamp re- 
placement may outweigh economy in the 

minds of the general run of customers. 

These preferences must, of course, take 
into account the inherent voltage spread 
that exists on every system, which will be 
discussed in detail later. Where, for 
example, there is a 10 per cent total 
spread, and this is not uncommon, there 
will be some customers, even though a 
small proportion of the total, getting five 
per cent above the average. If this 
“average” is held at lamp rating, say 120 
volts, these high customers will be getting 
126 volts with a lamp life of 55 per cent. 
If the average is above rating, say 124 
volts, the high customers will be getting 
130 volts, with lamp life at 37 per cent. 
The performance of ordinary appliances, 
such as toasters, waffle irons, and the like, 
at such voltages must also be considered. 
Of course, where a smaller spread such as 
six per cent is feasible, an average of 124 
would result in a high of only 127.6. 

On the other hand, if the average volt- 
age is low, the customers at the bottom of 
the spread may be getting inferior illumi- 
nation and indifferent operation of appli- 
ances. It will not be attempted here to 
state the proper relation between rating 
and average operating voltage. It is 
merely pointed out that the voltage 
spread, including the top and bottom 
limits, should be taken into account as well 
as the mid-point or average. The differ- 
ences in opinion in regard to this relation 
of lamp rating to voltage leads to a voltage 
difference even between systems using the 
same Jamp rating. One such system will 
carry its voltage spread at a higher level 
than will another, 

A confusion in system ratings also re- 
sults from this source, since these ratings 
are generally 115-volt or 120-volt, accord- 
ing to the lamp rating used. Some so- 
called 115-volt systems, with average of 
outlet voltages above the lamp rating, 
actually have practically the same voltage 
spread and at the same voltage level as 
other systems normally designated at 120: 
volts but having average outlet voltages 
below the lamp rating. System rating is, 
therefore, not a definite indication of the 
existing utilization voltage. 


3. INHERENT VOLTAGE SPREAD IN 
DISTRIBUTION SYSTEM 


The normal, inherent spread of utiliza- 
tion voltage on an operating system is 
probably the least understood of the three 
causes of voltage deviation. Its basis is 
simple, lying in the elementary fact that 
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hen electric current passes over a wire, 
lere 3 is a corresponding drop in voltage. 
he energy delivered to customers on a 
power system passes over many miles of 
wire in 

(a) Transmission. 

(b) Step-up and step-down transformers. 


(c) Distribution circuit feeders and pri- 
maries. 


i) Distribution transformers. 

() Distribution secondaries and_ service 
drops. 

OF Customer’s house wiring. 


_ The voltage drop in transmission is 
usually controlled to considerable extent 
by variation of generator voltage, trans- 
former taps, and regulators. Since any 
_ of these can regulate in bulk only at one 
point, there will be a variation in the 
voltage between that regulating point 
and other points on the system at which 
load is supplied. This variation can be 
compensated for at the substation by 
voltage regulators on the substation bus 
or on individual distribution circuit 
feeders. 

These substation regulators and sup- 
plementary regulators and boosters out 
on the circuits, can also compensate for 
part of the drop in the outgoing distribu- 
tion circuits. A fairly constant voltage 
can be held at some point out on*such a 
circuit. Since the circuit may consist of 
several miles of line, however, it is im- 
possible to have the voltage constant at 
all points. Some customers will be con- 
nected near the regulated point and some 
far from it. Some will be connected 
through heavily loaded distribution trans- 
formers and some through transformers 
only lightly loaded. The impedance of the 
transformers themselves will vary with 
size, type, and make. Some customers 
on a secondary main will be near the 
transformer and some will be at the end 

‘of long secondaries. Figure 3 is a sche- 
matic diagram indicating theseconditions. 
The result is that, even though the voltage 
at the circuit feeding point is held prac- 
tically constant throughout the day and 
night, utilization voltage at the custom- 
er’s outlets will vary through a band 
which is of appreciable width. 

In Figure 3 the station bus is, for con- 
venience, assumed constant at 122 volts 
at all loads. The circuit regulator is 
compensated to hold 122 volts at an inter- 
mediate point on the primary mains, indi- 
cated by the middle distribution trans- 
former (C). The voltage drops indicated 
for primaries, transformers, secondaries, 
and service and house wiring are typical, 
rather than extreme cases, of those in 
ordinary practice. It is evident that 
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Table | 
a 
Maximum Voltage Drop, 


Per Cent 
Urban Rural 
Customers Customers 

2 A Se ee eee 
In primaries,.......... 1.3 to3.5....3.3 to 10.0 
In distribution trans- 

TOPMEL ES cee Nt sis 2.5 to 4.65....2.0to4.4 

No 

In secondaries SOLE heat 2.0 to 4.5... . secondaries 
In service drops........ 0.5 to1,.25....0.6to1.8 
In customer’s building 

WINE oa Goat Oto S00. a dO toed 
Total utilization-volt- 

BEB enread ok chess 7.5 to 12.0... 6.87t015.0 


customers’ outlet voltages at time of 
heavy load will be distributed through a 
band whose maximum is about 122 volts 
at customer (A), and whose minimum is 
something like 112 volts at customer (B). 
At light-load periods, the voltages lie in a 
much narrower band, of perhaps 119 to 
121, while at no load, which seldom occurs, 
all would be 122, the voltage at the regu- 
lating point (C). 

There are many sorts of distribution 
circuits, ranging from those in concen- 
trated urban areas where the distances are 
short, and regulation can be reasonably 
close, to rural lines with long distances 
and correspondingly poorer regulation. 
In many of the latter, the desirability and 
practicability of giving reasonably good 
regulation, similar to that in more densely 
built suburban territory, is recognized, 
but, on the other hand, there are others 
where regulating equipment is omitted in 
the interest of lower first cost. Also, 
there are various types of circuits, such 
as networks, ring-main, and feeder and 
branch. In any case, however, there 
will be an unavoidable spread in the de- 
livered utilization voltage similar to that 
indicated in Figure 3. It may, of course, 
be considerably less in some areas than 
the amount shown here (networks for 
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Figure 3. Diagrammatic illustration of voltage 
spread on a typical distribution circuit 
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From actual sampling survey of a large system 


example); and in others it will be greater. 
It will be located at several different volt- 
age levels on different systems. 

A survey of 14 companies made by the 
transmission and distribution committee, 
Edison Electric Institute, produced re- 
sults which shed some light on the magni- 
tude of the various elements in this volt- 
age spread. The figures in Table I show 
the range of values reported. Since these 
figures were mostly based on design 
values rather than field measurements, 
they should be considered only as indica- 
tive. 


Pattern of Voltage Spread 


The outlet voltages on a system are, of 
course, not distributed uniformly over the 
voltage spread. The pattern of this dis- 
tribution is shown in Figure 4. The 
blocked graphs were obtained from a 
sampling survey on a large diversified sys- 
tem. While the urban graph is some- 
what different from the suburban, their 
general shape is similar as shown by the 
smooth, generalized curves. This pattern 
has been confirmed in essentials by data 
from several companies and is believed to 
be typical. 

It is evident that comparatively few 
customers get either the highest or the 
lowest voltage in the spread, but on the 
other hand, there are appreciable numbers 
getting a volt or two higher than the 
minimum and a volt or two lower than 
the maximum, The largest number get- 
ting any one voltage is about 27 per cent 
in the urban curve and only about 17 per 
cent in the suburban. 

The average voltage is determined by 
the shape of the curve and this may vary 
somewhat between different systems. 
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Field surveys in several companies have 
shown, however, that the average as in 
Figure 4 is near the mid-point, or in some 
cases even a little higher, up to about 60 
per cent of the spread. This distribution 
of customers’ voltage is useful in con- 
sidering the range for ‘‘best operation” of 
equipment. 


Voltage Spread in Practice 


Surveys of the industry in general, 
made by the EEI committees, have indi- 
cated existing values for voltage spreads 
and other related quantities. The sur- 
veys covered 45 companies, serving ap- 
proximately ten million residential cus- 
tomers. Since most of these companies 
did not have available figures on actual 
field surveys of voltage conditions, design 
values were reported. Some allowance 
should perhaps be made for discrepancy 
between these and voltages which really 
exist. 

No extensive field data on the voltage 
drop in building wiring is available. 
Some estimates are given in Table I. 
A sampling survey on the Detroit Edison 
system covering 300 customers, mostly 
residential, showed a range from about 
1/, volt to 5 volts, with an average of 
about 1!/, volts to lamps in the most 
used room under evening load conditions. 
There are, of course, some outlets which 
have less drop than these, and there will 
be some cases with more. It is believed 
that a 3-volt drop will cover the maxi- 
mum for the great majority of cus- 
tomers. 

If 3 volts is added to the spread at serv- 
ice entrance resulting from the survey 
as listed above the following deductions 
can be drawn: 


1. The maximum voltage spread at utiliza- 
tion outlets for the industry as a whole is of 
the order of 20 volts, from 107 volts (110—3) 
to 127 volts. 


2. This whole spread will not occur ordi- 


Table Il. Service Voltage 


Drop in building wiring should be deducted 


Minimum Service Voltage Reported atele es 110 volts 
Maximum Service Voltage Reported...... 127 volts 


Minimum Service voltage for companies 

serving 77 per cent of the total cus- 

COMERS errr ease ecatcier sheds Mie unielele cere 113 volts 
Maximum Service voltage for companies 

serving 80 per cent of the total cus- 

LOMELS triste et erela eters elncio ne ac 125 volts 


Voltage spread at service 


Mininitiumereported manent ies nice ae 4 volts 
Maximitm reported @iniaseiieiee cian denn ce: 15 volts 


Classification of service voltage spreads 


For companies reporting 33 per cent of 
Lotalicustomersm emer tieieine 4to 6 volts 

For companies reporting 62 per cent of 
Lotalictistomets pease neem ane 7 to 10 volts 

For companies reporting 5 per cent of 
totalicistomers ees seins vie 11 to 15 volts 
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narily in any one system but takes account 


also of the variation between systems which © 


has been previously discussed. It is the 
spread for which utilization equipment in 
general must be designed. 


3. There will no doubt be some outlets 
outside of this spread, both above the upper 
limit and below the lower limit. It is be- 
lieved, however, that the percentage of 
these will be very small, and that they may 
be considered as unusual or temporary con- 
ditions, for which operation of equipment 
cannot be expected to be as good as it 
should be within the normal range. 


4, The greater bulk of customers have 
outlet voltages within the band between 110 
(1138—3) and 125 volts. 


5. On individual systems the voltage 
spread at utilization outlets ranges from 7 
volts to 18 volts, with nearly two thirds 
lying between 10 and 13 volts, very few 
above that, and the remaining one third ly- 
ing between 7 and 9 volts. 


It should be clearly understood that 
these figures refer to voltage spreads ex- 
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isting on systems as a whole and are not 
intended to refer to the voltage variations 
at any individual customer’s service. 
The voltage at such a customer’s service 
will vary from his voltage at heavy-load 
period to that at light-load, Referring 
to Figure 3, in the case there represented 
the maximum individual variation occurs 
at the customer’s service having the lowest 
heavy-load voltage and is equal to nearly 
the full spread of some 10 volts. The 
minimum is at the customer’s service hav- 
ing the highest heavy-load voltage and is 
very small. Referring to the customer dis- 
tribution curve of Figure 4, it is evident 
that few customers have the maximum or 
minimum variation. Most of them get 
more nearly the average, which in the case 
of Figure 3 would be about 5 volts. 

The figures which have been cited lead 
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to a suggestion of a general standard 
maximum utilization voltage spread of 
107 to 127 volts, with a preferred spread 
of 110 to 125 volts. Figure 5 illustrates 
how several different typical service con- 
ditions can fall within this spread. There 
are, of course, many other variations 
which can and will be used on operating 
systems and still lie within the total pro- 
posed spread. 


Higher Voltages 


The discussion so far has referred only 
to voltages in the 120-volt group. The 
same problem exists, however, with the 
higher utilization voltages, 240, 480, 
2,400, and so on. In the 240-volt group, 
the complication of the ‘‘odd-ratio’”’ sys- 
tem is introduced. Network distribution 
in dense urban territory is now commonly 
four-wire, at 120/208 volts. The voltage 
supplied to 240-volt equipment on such a 
system is only 87 per cent of what it 
would be on a 120/240-volt even-ratio 
system, with the same voltage for the 120- 
volt equipment in both cases. 

For the most part, the same standard 
240-volt equipment has been used satis- 
factorily on these odd-ratio systems as on 
those of even-ratio. Special 208-volt 
motors are available but have not been 
widely adopted. This practice has been 
allowable, largely because the odd-ratio 
systems usually are found in densely 
loaded areas where service voltage tends 
to be relatively high and the voltage 
spread relatively small, making the 
minimum voltage high enough for 240- 
volt equipment. There are several ad- 
vantages in having one standard line of 
apparatus so designed as to serve both 
purposes if feasible. Manufacturing and 
stocking are obviously simpler for one line 
than for two; interchangeability is pro- 
vided between locations where service 
voltage is odd-ratio and locations where it 
is even-ratio. 


In setting up a standard voltage 
spread for the industry, it is desirable that 
it be broad enough to be adequate for 
both even-ratio and odd-ratio systems, 
and yet not too broad to allow one line of 
apparatus to cover it. Taking into con- 
sideration the probability that the voltage 
drop to 240-volt equipment would be 
somewhat greater than to that at 120 
volts, and that the service voltage in gen- 
eral to 208-volt services would be rela- 
tively high and well-regulated, a spread 
of 193 to 250 volts maximum, 197 to 245 
volts preferred has been recommended. 

At the still higher voltages, 480, 600, 
ete., similar problems of ‘‘odd-ratios” are 
also found, and it is probable that the 
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voltage spreads for these fevels should be 
multiples of those at the 240-volt level. 


One of the most important objectives in 
ing to establish standard voltage 
spreads is the simplification of the design 
d rating of utilization equipment. If 
the voltage spread which must be met in 


‘practice is fixed between reasonable 


limits, there will be more assurance that 
equipment which operates satisfactorily 
within those limits will be generally satis- 
factory for the industry. Also, as further 
knowledge is gained of the characteristics 
_of service voltage within those limits, the 
designs of specific items of apparatus can 


| be more definitely directed toward the 


‘ 


actual voltages at which they will most 
commonly be operated. 

This paper has pointed out the fact 
that a voltage spread of from 7 to 15 volts 
is a normal condition on an operating sys- 
tem. The utilization equipment supplied 


should be expected to operate at any volt- 


age throughout that spread, with satis- 
factory results tothe user. Ifand whena 
standard spread for the industry, such as 
that which has been suggested, is gener- 
ally adopted, it should be expected that 
equipment sold would operate satisfac- 
torily throughout that spread. Since the 
bulk of the customers will have voltages 
within a somewhat smaller spread than 
the maximum, the preferred voltage 
spread indicates the range through which 
good characteristics of operation should be 
maintained. On the other hand, it 
should be kept in mind that there will be 
occasional customers on any system where 
voltage will fall somewhat above or below 
a recognized spread, and their equipment 
should still operate, even if not with char- 
acteristics which would be considered 
generally satisfactory. 

It would be desirable, if practicable, to 
eliminate all the variety of voltage ratings 
on different equipment, reducing them to 
a uniform rating of, perhaps, the nominal 
120-volt designation, with the under- 
standing that they would meet the re- 
quirements of the standard-voltage 
spread. It is realized that there are diffi- 
culties in carrying out such a simplifica- 
tion, one of them being the different ideas 
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which are prevalent concerning the proper 
relation between lamp rating and average 
voltage supplied, or in other words, be- 
tween lamp life and illumination, An- 
other is the probability that all types of 
equipment are not adaptable to as wide a 
range of voltage as the spreads proposed. 
These considerations will probably re- 
quire the retention of more than one rat- 
ing for some equipment. Other items, 
such as motors, are probably already 
pretty well adapted to such a standard 
range and could be uniformly rated ac- 
cordingly. 

While it is not the province of this paper 
to attempt to, specify the best voltage 
for which any piece of equipment shall be 
designed, some of the considerations 
which could affect such a choice within a 
standard voltage spread will be suggested. 


LAMPS 


There is probably a distinct need for 
both “long-life” lamps, and for “high- 
illumination” lamps. The former would 
be used where efficient illumination is not 
the prime requirement, such as for low- 
wattage lamps for indicating or orna- 
mental purposes. The design voltage 
should be high in relation to the voltage 
spread so that they would be operated at 
undervoltage most of the time. ‘‘Long- 
life’ lamps in larger sizes would also be 
preferred for general use by some oper- 
ators. For this purpose, however, the 
design should give somewhat more regard 
to illumination and less to extreme length 
oflife. ‘“‘High-illumination” lamps would 
have a demand where illumination in- 
tensity is closely measured, and the ap- 
plication is strictly on a ‘“‘lumens-per-dol- 
lar’ basis. The design voltage should be 
nearer the middle of the spread or below it, 
giving “normal” voltage or “‘over-voltage”’ 
operation to the majority of lamps. 


FLUORESCENT LAMPS 


A recent publication states, ‘The 
lamps with ‘low’-voltage ballast equip- 
ment are designed for operation on circuit 
voltages of from 110 to 125 volts inclusive 
and, in some cases, may operate satisfac- 
torily on circuits as low as 105 or as high 
as 130 volts.” 

These figures correspond well with those 
of the proposed standard-voltage spread. 
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ELECTRIC-RANGE ELEMENTS 


Ordinarily the voltage drop to a major 
appliance, such as a range, will be fairly 
large, due to the current it draws. Much 
of its operation will be during hours which 
are off-peak for the lighting load, but it 
will also have to operate on peak. Its 
maximum, will, therefore be several volts 
lower than the top of the voltage spread 
and its minimum near the bottom of it. 
The suggested standards, published in 
1938 by a joint EEI-NEMA committee, 
have a “preferred standard rating” of 
115-120 volts, based on a design voltage 
of 118 volts, with a maximum operating 
voltage of 124 volts. There are, in addi- 
tion, two optional ratings, one at 125 volts 
with maximum operating voltage of 129 
volts, and the other at 110 volts with a 
116-volt maximum. The preferred rat- 
ing corresponds fairly well with the pro- 
posed 110-125-volt preferred spread. 


TOASTERS, WAFFLE IRONS, FLATIRONS, 
AND SIMILAR APPLIANCES 


These produce a considerable voltage 
drop, due to their own relatively large 
current, but operate mostly offpeak, 
when supply voltage is relatively high. 
Their maximum will, therefore, be several 
volts below the top of the voltage spread 
and their minimum several volts above 
the bottom of it. 


REFRIGERATOR Morors, OmL-BURNER 
Motors, AND SIMILAR Motors 


These must operate throughout the day 
and hence throughout the voltage spread, 
but most of the operation during 24 hours 
will be at voltages in the top part of the 
spread, since such voltages exist during 
the greater number of hours. 


It is not intended to infer that the ex- 
istence of normal voltage spread or of the 
factors involved in ‘“‘best voltage’ has 
been unknown to the makers of utilization 
equipment or has been ignored by them. 
It is believed, however, that the material 
which has been presented here will be 
helpful to both makers and users of such 
equipment in promoting a better under- 
standing of the nature of the voltage 
spread and the related numerical values 
of utilization voltage. 
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Current Loci for the Capacitor Motor 


THOMAS C. McFARLAND 


MEMBER AIEE 


HE basic theory of the capacitor 

motor from the cross-field point of 
view has been recently presented by Puch- 
stein and Lloyd.! Itis the purpose of this 
paper to extend the basic relations de- 
veloped by them so as to demonstrate cer- 
tain current-loci characteristics of the 
capacitor motor. 

The circuit to be considered is shown in 
Figure 1. A variable condenser of imped- 
ance Zg is connected in series with the 
auxiliary winding. The rotor squirrel- 
cage winding is considered equivalent to a 
d-c winding with the commutator brushes 
arranged to short circuit the winding 
along the main and auxiliary axes of the 
stator winding. A common voltage is im- 
pressed on the two windings. 

The flux relations are illustrated in 
Figure 2. There is a mutual flux linking 
the stator and rotor windings along each 
axis of the machine. Considered as a 
transformer there are leakage fluxes link- 
ing with each of the stator windings, and 
also leakage fluxes which link the rotor 
winding on the main and auxiliary axes. 
Each of these fluxes is considered to be 
stationary in space and variable in time. 
As a consequence the mutual fluxes and 
rotor-leakage fluxes are cut by the rotor 
conductors as they rotate. 


Current and voltage relations are in- 
dicated by the vector diagrams of Figure 
3. The vector diagram for the auxiliary 
axis is drawn so that the mutual flux dp 
is in space quadrature with the main-axis 
mutual flux ¢,,, and is lagging. This 
makes it possible to represent each of the 
speed voltages in its proper phase relation. 
In each stator winding there is a local-im- 
pedance drop and a component of im- 
pressed voltage equal and opposite to the 
rotor-induced voltage, assuming a ratio of 
transformation of unity for each axis. In 
each rotor circuit there is an induced volt- 
age, a local-impedance drop, a generated 
voltage due to cutting the mutual flux of 
the other axis, and a generated voltage 
resulting from cutting the rotor-leakage 
flux of the other axis. Applying Kirchoff’s 
law of voltages to each circuit on the main 
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(Rotor) O=—(Ih— In) 2 


and auxiliary axes the following equations 
can be written: 


Main Axis (Figure 3a) 
(Stator) V=IgZagt+(Ua—Lea)Zma (1) 


(Rotor) O=—(Ig—Inq)ZmatleaZ2+ 


Yb, 
js] — 22 Ty — ta) +ibXst | (2) 


Auxiliary Axis (Figure 3b) 
(Stator) V=Ip(Zy+Z.)+ Lo—La0)Zmo (3) 


pt kZaley— 


ISI —Zna\lanlea) +jX ele) (4) 
wherein 


V=applied or line voltage 

JI,=current in main stator winding 

Jy=current in auxiliary stator winding 

Jog =rotor current in main-axis circuit 

Joy=rotor current in auxiliary-axis circuit 

Za=ratjXq=local impedance of main 
stator winding 

Zp =) +jXp=local impedance of auxiliary 
stator winding 

Zma=jXmqa=mutual inductive impedance 
of main-axis stator and rotor windings 

Zmb=jXmp=mutual inductive impedance 
of auxiliary-axis stator and rotor windings 

Z2=12+jX2=local impedance of each rotor 
circuit 

Z¢="e—jXe=impedance of capacitance in 
series with auxiliary winding 

k=ratio of auxiliary-winding turns to main- 
winding turns 

S=speed as a decimal fraction of synchro- 
nous speed 


From equations 1 and 3 


Iq(Zat+Zma) Th V 


Iq = Z 
ma (5) 
ee Iy(Zyp+Z-+Zmp) =—V 
2 ee 
Zmd 


Substituting these relations into equa- 
tions 2 and 4 find 
AglatBaly=Ka a 


6 
AplatBryly=KyV ( ) 


wherein, 
Agee (7) 
Zma 
Za \e 
ay=s| x(142+)-i2,| (8) 
Zma 
Be, 3G 
e=s| @s42)(i2-22*) kX» (9) 
pier 
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Ww 
By= “ist rt 20 (5 +k 2) (10) 
Cae (7 eg 11 
Kqg=1+ 249i Jp ) (11) 
Xo i Zo ; 
— )+( 5+k — 2 
Ky=s(- edhe + (ite ) (1 ) 


In each of these equations the complex ex- 
pressions for the impedances must be sub- 


The circuit 


Figure 1. 


stituted (see nomenclature). When the 
substitutions have been made find 


acetrete) ki 


=(retrt x 
ma 


XgX2— 2) (13) 
Xma 


=) 
is(a+2 4 (14) 
Ba= = 9f b+ 7s ) | 


iStrrbra( 248 x) (15) 


By=| ar 142% fom 
1 bX. 
pl = J) RX2+(Xy—-Xe) X 
wed -= 
es 
-(142 ie (58 ie) ) 17 
k Pe Peay, ( ) 


1 kXo | kre Xo 
K,=({- = 
: Gaal [zets(1+22)] 
(18) 


Solving the equations of (6) simultane: 
ously, 


(tetas 


Ay=s| XitX(142 


ma" (ro+1¢) X 


* (rtre | (16) 


& ByKa—BaKy 
AqgBy—A,By 
AgKy—ArKe 


I, = —_—_————. 
DS Alpe Be 


-V 
(19) 
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(20) 


Xma 


|) 


‘le | cxs—xa(14 22) mp 


: : wat 2X- 
Yen (rvtra(1 +H), Ze 


1 
— treas9+ a 


1 
o=4f erat xnu—s9+ Xne 


= 
M= iL vtro( 142 asm 42a ome) 


ro(ro+fe) 
xX 


‘4 Aa _ 92 2° 
nated) spel e(ue ds) oot 


XqX2(1—S?*) —rots 


involving complex numbers. Although 
most engineers can handle the complex 
algebra without difficulty, it is generally 
admitted that the chances of error are re- 
duced if the equations are such as to mini- 
mize the number of manipulations requir- 
ing complex algebra. 

To illustrate the application of the pre- 


Ind) 


£2, totra(14 2 Ja S45" (Xy-X (142 


ots) tron (21) 


Xma Xx, ma md 


xa(1+ 2 2 )a- =o) eel ee 


XmaX: 


reXqtreX3(1— ), ff — S*)+912(Xq+2X>) 1 


Xm> 


fgX27(1 — S?) +r2(2XgXo— far) 23 
XmaX mo 


Jest 


Xo(Xqg+X2)(1—S*)—4e(ratre) | XqXs2(1—S*%)—12(2r—gX2—172Xq) 
k XqX2(1—S*)—1(QraX2— Xa) 
| Xmd se ee xX | (24) 
1 : i 
= rota frstratt—sy pes) + 
(px )4 AES _ x pxya—syh | 


i ralrarted —X2(Xqg+X2)(1—S*)+ 
) fehl Bantebet sea BE) | RE Kem etd ream 


(ro+r 


db 


cya tet x0— > 


Xmb 


1 ae 
WH (tra Xt XO I—S) +e 


- XI ret alls)" 


if ret 2X9) +1¢X2(1—S*) — 


Xo(X_qt+X2)(1 
(ot ro4 (Xat ae 


Xmd 


Substitution of the complex expressions 
for the impedances in the equations of 5 
results in 


V-I 
i sald 143 Abeta 
Xora X ma (27) 
—-X V—Lp(ro+ 
Iy= hf 1478 e+ “ 2 re) 
Xmbd mb 


The equations of 20 and 27 are better 
for purposes of extended computation 
than are those of 19 and 5 because they 
require a minimum number of operations 
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2(reXqgt2rgXs) — 


Xma 


—~ 54) falters) | XaXx(Xo— 


(%)—X,) (ae 7X1 — 52) 4 taXa(Xs — 


Peg Ane) 
Xma 


5?) 
+ 
XmaX mpd \ 
12 (2X qt2rqX2) — XaX2(X2—S? 


) 
XmaX md tT 2s) 


my. 


— ra as 


eX g—tq(X2— 
Xma 


o(fate—2XqX») eee Ra2F) 


Xma 
S%) —12(12Xq+2raX2) ft 


XmaX md 
—e\] (26) 


S?) +re(2XgXo 
ceding relations, computations have been 


XmaX mv 
made for the four-pole one-fourth-horse- 
power 110-volt single-phase motor for 
which constants are given in Morrill’s? 
paper of April 1929. In Morrill’s paper 
corresponding values of resistance and re- 
actance for the capacitive impedance are 
given for only two different values of im- 
pedance. Here the interpolation curve of 
Figure 4, which includes the two values, 
is assumed to represent the variable ca- 
pacitance used. Other values of the con- 
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stants for this machine, as recorded by 
Puchstein and Lloyd,! are 


= 2.02 (ohms) Xq=2.79 (ohms) 
m=7.13 “ Ap=38.22 “ 
r=412 X2=2,12 a 
Xma= 66.8 (ohms) 
Xmp=92.9 “ 
k=11s ‘ 


Substitution of these constants into the 
equations 21-26 inclusive yields 


M =12.17+0.912r,—0.109X,— 
S#(6.586 +0.914r,) 
N=4.425—0,109r,—0.903X + 
4.12S-+5?(0,906.X ,— 5.448) 
P =5.853— 1.8265? 
Q=4.167—4.125—4,38S? 
U=47.0+5.88r¢+3.95X + 
S#(13.52—1.795r,—4.333X,) 
W =86.243.937,—5.73Xo— 
S?(41.68+4.34r,—1.79X¢ 


(28), 


By using these relations in conjunction 
with the data of Figure 4, computations 
were made for several values of S. The 
results of these computations are shown in 
Figures 5,6, and 7. Itis seen that P and 
Q are independent of the capacitance, and 
plot as linear functions of speed over the 
operating range of speeds. The constants 
M, N, U and W are seen to be approxi- 
mately linear functions of the capacity 
reactance for all speeds over the operating 
range of capacitances. The curves may 
be extrapolated linearly. For the prac- 
tical range of operation P and U are al- 
ways positive and M, N, Q and W are al- 
ways negative. 

For several constant values of S com- 
putations of J, and J, were made as func- 
tions of X, using the equations of 20. A 
plot of these values is shown in Figures 8. 
and 9. It will be observed that 


(a) The locus of each current for constant 
Sis a circle. 

(b) The locus of each current for constant 
X, is a circle. 

(c) The centers of each circular locus lie. 
on the arc of a circle. 

(d) For Ig the locus of centers of circles, 
of constant S passes through the blocked 
rotor value of current (Figure 8). 

(e) For Jy the locus of centers of circles. 
of constant X, passes through the origin of 
co-ordinates (Figure 9). 

(f) For the loci of J, with constant S the. 
triangles ABC remain similar. A is the 
blocked-rotor point, B is the extremity of a. 
diameter which passes through A, and C is 
a point on the locus corresponding to a 
fixed value of X,. 

(g) For the loci of J) with constant S, 
the angle 6 between a line joining the point 
on the locus corresponding to a fixed value 
of X, to the origin and the diameter which 
passes through the origin is constant. 

(h) Over the whole range of speeds (S= 1.0: 
to S=0.0) the radius of a circular locus of 
constant S for Ig is very closely equal to S* 
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Figure 2. The flux relations 


A—Main-winding fluxes 
B—Auxiliary-winding fluxes 


a Figure 3 

A Vector diagrams 
A—Main axis 
B—Auxiliary axis 


Figure 4 (left). Re- 
lation between X, 
and fr. 


Figure 6 (right). N 
and U as functions 
of X 
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VALUES OF Xc¢ 
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is 
4 : 
= 
a 
3 

y 


VALUES OF S 
Figure 7. P and Q as functions of S 


| times the radius of the circle for S=1, For 
Iy the radius is approximately S? times the 
radius of the circle for S=1, over the 
_ operating range of speeds (S=1.0 to S=0.9). 


_ As a consequence of these observations 
the following procedure is suggested for 
the determination of loci: 


(a2) Compute constants M, N, P, Q, U 
and W for three widely separated values of 
X,, such as X,=20, X;=40, and X,=200, 
at speeds of S=1, S=0.8, and S=0. 


(b) Using the constants thus determined 
find corresponding values of J, and Jb (any 
one computation for J, with S=0 will 
suffice). 


(c) Plot the computed currents as shown 
in Figure 8 and Figure 9. 


(d) Using perpendicular bisectors locate 
the centers of circles for S=1, S=0.8 and 
Ss =0. 


(e) Using perpendicular bisectors locate 
the center of the circular arc passing through 


i 


‘f : 


LOCUS FOR CENTERS 
OF CIRCLES OF 
CONSTANT Xc 


40 60 
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ae 


CE 
| 
vo 


LOCUS FOR CENTERS OF 


40 


LOCUS FOR CENTERS 
OF CIRCLES OF 
CONSTANT S 


the centers of circular loci found in (d), and 
draw the arc. 


(f) On the plot of J, draw the locus for 
S=1, and then draw the diameter of this 
circle which, if extended, passes through the 
current value for S=0. 


(g) Connect the end of the diameter thus 
drawn, and the blocked-rotor point, to the 
point on the locus corresponding to the 
largest value of X,, and determine the 
angle Bp. 


(kh) On the plot of J, draw the locus for 
S=1, and the diameter which passes through 
the origin. 


(i) Measure the angle 6 between this 
diameter and the vector J, corresponding 
to the largest value of X¢. 


LOCUS FOR CENTERS 
OF CIRCLES OF 
CONSTANT S 


Figure 8. Main-coil current loci 
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‘CIRCLES OF CONSTANT Xc¢ 


Figure 9. Avuxiliary-coil current loci 


(j) For Ig compute the radii of other circles 
of constant S between S=1 and S=0.9 as 
S% times the radius for S=1. For Jy use 
S? intead of S?. 


(k) By trial find the centers of these circles 
subject to the conditions that the centers 
lie on the locus of centers, and triangles 
ABC remain similar. (The first condition 
is sufficient for Jy.) Draw the circles. 


(1) From the loci for S=1 determine and 
plot 8 and 6 as functions of X,. (Three 
points are sufficient to determine the curve 
if it is borne in mind that 8 changes very 
slowly with large values of X,.) From this 
curve any desired value of X, on the loci 
can be found, and any locus of J, and Ip 
for constant X;, is readily determined. 


(m) For each of the values of J, and Ip 
found in item (b) compute corresponding 
values of Ing and J.) by the equations of 27. 


(n) Plot the values of Ing and I,». The loci 
are similar to those of J, and Jy, respec- 
tively, but displaced from them by the 


LINE 
CURRENT 


Figure 10. Current loci for S=0.96 
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Large Adjustable-Speed Wind- 


Tunnel Drive 


C. C. CLYMER 


MEMBERSHIP APPLICATION PENDING 


ROPELLER-drive equipment for use 
in wind-tunnel work, where airplane 
model testing is involved, presented no 
unusual problems until the advent of the 
present national emergency. The emer- 
gency stressed the importance of research 
work in airplane design, necessitating the 
application of the largest motor drive so 
far considered where a fixed frequency 
supply provided the energy source. Tun- 
nels are now in operation or in the process 
of construction, powered by drives rated 
up to 40,000 horsepower. The primary 
condition for all such drives is variable or 
adjustable speed over at least a 6 to 1 
range, with a large number of speed-con- 
trol points and accurate speed regulation. 
The accepted method of controlling 
wind-tunnel motors heretofore was by 
means of adjustable-voltage control using 
conventional apparatus, or multispeed 
wound-rotor induction motors with slip 
tegulators. The conventional adjust- 
able-voltage or generator-field-control sys- 
tem is out of the question, for either single 
or double units in the above capacities. 
Two-speed wound-rotor induction motors 
using slip regulators presented formidable 
design problems, and offered such ques- 
tionable operating characteristics as to 
discourage their consideration. Aside 
from the questionable practice of starting 
such large motors directly from existing 
power systems, the problem of disposing 
of the slip energy is quite serious. It ap- 
pears that the problem of the dissipation 
of energy in large quantities is almost as 
difficult as the problem of producing it. 
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The drive under discussion requires 
40,000 horsepower in two counterrevoly- 
ing propellers at a speed of 300 rpm. 
Assuming wound-rotor induction-motor 
drive, the power requirements are as 
given in Figure 1. The curve marked 
“fan hp” gives the shaft horsepower re- 
quired by the fan for any given speed. 
The curve marked “‘slip hp” gives the 
rotor electrical energy to be disposed of 
in the most satisfactory manner. The 
motor input, or the load taken from the 
line is, of course, the sum of these two 
curves at any particular operating point. 

Needless to say, every known method 
of speed control was analyzed and its ad- 
vantages and disadvantages tabulated 
before the described system was selected. 
None of the existing systems completely 
met the conditions; hence, this combina- 
tion of machines. This arrangement is 
shown schematically in Figure 2. The 
two d-c machines were used on each set 
simply because of design consideration. 
A smaller drive would use but one such 
d-c machine. 

Obviously the main drive motor can 
not operate with zero slip except with an 
unwarranted complication. Accordingly, 
the main drive motors were selected with 
a synchronous speed of 327 rpm, but in- 
tended to operate only to a speed of 300 
rpm, as the maximum operating point. 
The determination of the proper amount 
of slip is a matter of economics. If the 
slip is too low, means must be provided to 
compensate for the 7R drop in the wind- 
ings. 

It will be observed that the rotors of 
the two main drive motors are, in effect, 
connected in series. This connection in- 
troduces a synchronous machine damping 
into the circuit. Were the rotors of the 
two main motors connected directly in 
parallel with the stators connected in 


a ee ee 


amount of the magnetizing current, Fig- 
ure 10 shows the loci for S=0.96 plotted to 
the same scale. 


(0) By a procedure paralleling that out- 
lined above in items (d)-(J), inclusive, any 
desired locus can be found. Both conditions 
of item (%) must be satisfied for J, as well 
aSHOte sq. 
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Clymer—Wind-Tunnel Drive 


parallel, the machines could oscillate inde- 


pendently of the restraining force pro- 


vided by the synchronous machine. 

The characteristics deemed essential 
for the successful operation of the tunnel 
follow: 


1. Two propellers will be used, each ab- 
sorbing approximately 20,000 horsepower at 


q 


300 rpm. These propellers are to operate in 


opposite directions but in absolute syn- 
chronism. 

2. Variable speed with vernier control from 
50 to 300 rpm. 


3. Accurate speed control for any given’ 


speed setting to within one fourth of one per 
cent. 


4. Power-factor correction. 
5. Low-starting kilovolt-amperes. 


6. Control of the rate of change of power. 


Desirable but not necessarily cardinal 
characteristics may be listed as follows: 


1. High efficiency. 

2. Low maintenance cost. 

3. Ease of speed control. 

4. Negligible line disturbance. 


The motors under discussion could be 
located in the tunnel proper, mounted in a 
streamlined nacelle or mounted outside the 
tunnel and the fans operated through 
shafting. The total input to the stator 
minus the output from the rotor is dissi- 
pated in the tunnel air stream. The 
motor losses are, of course, dissipated in 
the nacelle if the motors are tunnel- 
mounted. Since the tunnel air reaches a 
rather high temperature, it is not satis- 


SLIP HP x 1000 
FAN HP x 1000 


Ba 
aoe 
paca 
Sab 

FAN SPEED — RPM 
Figure 1. Speed-horsepower chart of a pro- 


peller-type fan, with slip energy for wound- 
rotor induction-motor drive 


200 


Synchronous speed of induction motors 397 
rpm 

Maximum speed of fan 300 rpm 

Rated load 40,000 horsepower at 300 rpm 
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Figure 2. Schematic connection diagram with 
double motor drive using counterrevolving 
propeller 


MI and MIil=22,000-horsepower slip-ring 
327-rpm fan motors 
ADI and ADII=2,500-kw d-c generators 
BDI and BDII =3,200-horsepower d-c motors 
SI] =20,000-kva 540-rpm synchronous motor 
S!=6,000-kva 514-rpm synchronous genere- 
tor 


factory as a cooling medium. It is, 
therefore, necessary to remove the heat 
from the nacelle by other means. Air-to- 
water heat exchangers could be used for 
this purpose, the coolers being so arranged 
that blowers located in the nacelle draw 
the hot air through the cooler, where it 
gives up its heat, delivering the cool air 
back to the motor. Water for the coolers 
is obtained from the sump of a cooling 
tower. The use of the coolers will reduce 
the ambient appreciably over the tunnel 
ambient, thus permitting higher tempera- 
ture rise with consequently smaller and 
less expensive equipment. 

Referring again to Figure 2, induction 
motors operated in this manner are 
doubly fed. The speed at any instance is 
proportional to the difference between the 
stator and rotor frequency. The ma- 
chines, therefore, operate without slip in 
the sense that that term is usually ap- 
plied, and, in effect, operate substantially 
as asynchronous machine. In fact, if we 
arrange to compensate for the JR drop 
in the machine windings, they can be 
made to operate exactly in synchronism. 

Speed variation is accomplished by 
varying the fields of the d-c machines 
used in the circuit. This provides the 
equivalent of full adjustable-voltage or 
generator field control, and this control is 
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accomplished through the use of d-c 
machines having approximately one- 
sixth the capacity of the total power 
absorbed by the propellers. 

Accuracy of speed control is obtained 
through the use of high-speed excitation 
on the d-c machines. The excitation is 
controlled by matching a tachometer 
voltage against a standard, amplifying 
the difference that exists and applying 
this difference to the field of a high- 
speed exciter (Amplidyne generator), 

The voltage standard is a 250-volt 
excitation bus whose voltage is main- 
tained within 1/1) of a volt. Speed 
variation is obtained by positioning a 
potentiometer rheostat having approxi- 
mately 800 positions for the speed range 
of 50 to 300 rpm. This rheostat need be 
no more formidable than the rheostat 
used to control the tuning of a radio. 
However, since the problem of controlling 
this much power extends back to the cen- 
tral station serving the project, it is 
necessary to impose restrictions on the 
operators in order not to build up the load 
too rapidly, on the one hand, lest the 
power system be unnecessarily disturbed, 
and on the other, to prevent operators 
whose attention might be engrossed at the 
moment from blowing low-speed models 
to pieces in a high-speed tunnel. 

Power-factor correction is obtained by 
varying the excitation on the variable- 
speed synchronous machine connected 
across the slip rings. In order to relieve 
the operator of the responsibility of hold- 
ing the proper power factor, amplidyne 
control was applied to the field of the 
synchronous machines and adjusted to 
provide a power factor of 90 per cent at 
allloads and speeds. This is quite an im- 
portant feature, since induction motors 
ordinarily applied to an operation of this 
kind would draw approximately 10,000 
kva lagging at the lower speed range where 
a large percentage of the operation will 
take place. 

Low-starting kilovolt-amperes is ob- 
tained by starting the constant-speed 
motor-generator set. After this set is 


started, the variable-speed set is brought 
up to provide 60 cycles, and with proper 
excitation applied at the rotor, it is possi- 
ble to match the line voltage and fre- 
quency very accurately on the stator of 
the induction machine. When the volt- 
age and frequency are matched, the run- 
ning breakers may, of course, be closed. 
The voltage and frequency of the vari- 
able-speed synchronous machine are con- 
trolled through automatic synchronizing 
devices. Through this system, a 40,000 
horsepower drive may be started with an 
inrush under 6,000 kva. 

The rate of power change is controlled 
by using a motor-driven potentiometer 
rheostat. This rheostat may, of course, 
be driven at any desired speed. The 
rheostat may, if desired, be tapered so as 
to provide a high rate of change over the 
lower speed range of the drive with 
corresponding low rate of change at the 
higher speed range and, consequently, 
higher power demand point. On the 
other hand, it may not be desirable to 
change the speed of the machine too 
quickly at any part of the range, as this 
might make it difficult to obtain accurate 
data. It is conceivable that it might be 
desirable to change the speed very slowly 
in order to observe the effect of this speed 
change on the model. Suffice it is to say 
that practically any type of speed-versus- 
time characteristic could be obtained very 
easily within the design limitations of the 
associated apparatus. 

Concerning the desirable though not 
necessarily mandatory characteristics, it 
is well to mention that the load factor on 
an operation of this kind is low, perhaps 
not more than 10 per cent. Power 
consumption will, therefore, be the least 
expense associated with the operation of 
the tunnel, and the economics of the prob- 
lem do not justify any appreciable lay- 


Figure 3. Complete assembly of two 8,700- 

horsepower 327-rpm wound-rotor induction 

motors and surface air coolers for wind-tunnel 
drive 


Motors are not coupled together 
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Figure 4. Close-up view of collector end 

of one 8,700 horsepower 327-rpm wound- 

rotor induction motor, of assembly shown 
in Figure 3 


out for increased efficiency. It is well to 
point out in this connection, however, 
that while it is necessary to pay for this 
energy on the one hand, the expense of 
disposing of it may more than equal its 
cost in the first place. The maximum de- 
mand on such an installation is often of 
greater importance than the power con- 
sumed. Therefore, the higher the effi- 
ciency, the lower will be the demand, and 
at the maximum loss point which occurs 
around 70 per cent speed, the maximum 
demand may be reduced 27 per cent over 
another system which would waste this 
slip energy. 

The efficiency of the system described 
here is necessarily high since all slip 
energy is returned to the line minus 
machine losses. In the case of slip- 
regulator operation, it is necessary to 
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Figure 5.  Variable-speed 
motor-generator set for speed 
adjustment of two 15,000- 
horsepower 327-rpm wound- 
rotor induction motors on 
wind-tunnel drive 


A-c synchronous machine rated 

13,500 kva, 0.9 power factor; 

each d-c machine rated 1,750 
kw 


operate with a higher slip than is provided 
by an induction motor operating with a 
shorted secondary. The electrodes of 
slip regulators can not be brought in too 
close proximity, otherwise erratic opera- 
tion is obtained. Therefore, the full load 
efficiency of the two systems is compar- 
able. At any reduced operating-speed 
point, however, the efficiency of the 
doubly fed motor will be much higher 
than the efficiency of any system where 
the slip energy is dissipated. 

Ease of speed control is, of course, a by- 
product of the system used. Speed with 
this system is a function of frequency 
rather than voltage, and frequencies of 
present day distribution systems are 
maintained with a high degree of accu- 
racy. Temperature changes are ineffec- 
tual except in the loop circuit of the d-c 
machine. Changes here are very gradual 
and are easily taken care of by the regu- 
lating equipment. Any type of induc- 
tion-motor drive which is not doubly fed 
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provides a speed which is both a function 
of voltage and frequency, and, therefore, 
voltage fluctuations will produce speed 
variations in the tunnel. 

Line disturbances with this system are, 
of course, reduced to an absolute mini- 
mum, since there is no high-voltage 
switching under power, and after the 
machines are once started, the only 
change is a gradual build-up or decay of 
the load. Since the rate of change of this 
load may be very accurately and com- 
pletely controlled, the generating system 
will be enabled to pick up and drop the 
load at a uniform rate, permitting the 
distribution system regulating devices to 
function and maintain normal service. 

Low maintenance should result where 
only the rotating apparatus is employed 
and where there is no switching of dy- 
namic current. In fact, the entire con- 
trol operation is performed by handling 
current in the order of a fraction of an 
ampere. Maintenance is always appre- 
ciable where dynamic currents are 
switched regardless of the means pro- 
vided to accomplish a change in operating 
conditions. 

The system is, of course, new, and it is 
particularly adapted to the operation of 
fan loads, centrifugal pumps, frequency- 
converter systems, where the two fre- 
quencies do not necessarily match ex- 
actly, and where it is desired to accurately 
control the flow of power. 
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The Influence of Towers and Conductor 


z Sag on Transmission-Line Shielding 


ROYAL W. SORENSEN 


FELLOW AIEE 


HIS paper is the third of a sequence of 
papers intended to present data which 


_ may be used in determining the degree of 


protection from lightning obtainable by 
shielding transmission lines and structures 
with grounded overhead wires and masts. 
The first two papers of the sequence are: 
“Shielding of Transmission Lines,’’! and 
“Shielding of Substations.’’? 


Results Based on Earlier Model 
Tests 


One sentence in the synopsis of a paper, 
“Lightning Protection for Oil Storage 
Tanks and Reservoirs,’ presented at the 
1927 Pacific Coast convention of the 
AITEE, reads as follows: 


“Tests show that excellent protection can 
be obtained by towers properly installed, 
but they do not indicate absolute immunity 
against hits.”’ 


The tests described in that sentence were 
laboratory tests on small-scale models. 
Using data obtained from those and other 
tests, a plan for protecting reservoirs by 
means of masts was developed. The in- 
tegrity of those tests in indicating the 
protective value of shielding by grounded 
masts is well demonstrated. All oil res- 
ervoirs equipped with masts designed ac- 
cording to the data obtained from the 
tests described in that paper have been 
free from damage by lightning since the 
masts were erected during 1926 and 1927. 
‘In some installations, well-grounded masts 
only were used, and in others, where con- 
ditions indicated it advisable, the masts 
were supplemented by interconnecting 
overhead conductors. 

In the 14 years which have elapsed 
since that method of protection was 
adopted for the oil reservoirs in question, 
many field data and many model tests 


Paper 42-37, recommended by the AIEE committee 
on power transmission and distribution for pres- 
entation at the AIEE winter convention, New 
York, N. Y., January 26-30, 1942. Manuscript 
submitted November 24, 1941; made available for 
printing December 11, 1941. 
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ROBERT C. McMASTER 


ASSOCIATE AIEE 


have added to our knowledge of lightning 
and ways to guard against lightning dam- 
age. A bibliography of the reported work 
relating to this particular discussion was 
presented in the paper, “Shielding of 
Transmission Lines.’’ One dictate of the 
knowledge obtained is that lightning pro- 
tection for electrical transmission lines 
and other structures can be obtained most 
economically in any scheme of protection 
by taking advantage of the shielding effect 
of overhead ground wires and grounded 
masts located in proper juxtaposition to 
the objects to be protected. Since abso- 
lute protection for such structures is not 
usually economically practical, engineers 
desire statistical data which will enable 
them to determine the degree of protection 
provided by particular arrangements of 
overhead ground wires and masts. Such 
data must be obtained by many observa- 
tions of actual lightning strokes and by 
careful model tests in the laboratory. 
The model tests must show valid correla- 
tion with field observations, and dupli- 
cate those characteristics of natural 
lightning which determine the paths taken 
by strokes. A full discussion of this topic 
appears in the first paper of the sequence. 


Recent Model Tests 


The first paper presented data showing 
the value of ground wire protection for a 
laboratory model representing a section of 
transmission line with a tightly-stretched 
conductor protected by a parallel tightly- 
stretched overhead ground wire. There 
was no appreciable sag in the section of 
model line tested, and no supporting tow- 
ers were included within the test area. 

The present paper gives the results of 
two check tests made in the California 


Distribution of Stroke Terminations 
to a Typical 1,000-Foot Transmission-Line 
Span (Per Cent) 
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(b) Tower, taut wires. .18.7..50.1..12.7..18.5 
(c) Tower,sagged wires. 8.9. .44.6..15.8..30.6 
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Institute of Technology high-voltage 
laboratory upon models identical with 
those used for two of the tests made at 
Trafford, and of further tests which deter- 
mine the shielding effect, additional to 
that of overhead ground wires, provided 
by the transmission towers and conductor 
sag. Correction factors are given by 
means of which shielding data for parallel 
wires can be modified to account for the 
additional protection resulting from the 
presence of transmission towers. 

The large amount of published data re- 
lating to lightning, surge testing with 
models, and the correlation between field 
observations and model tests under vari- 
ous conditions, permits the writing of this 
paper without including any matter re- 
lating to the ‘“‘mechanism of natural light- 
ning,” and with little reference to the 
“fundamentals of model tests.” 

In keeping with conclusions of other 
experimenters, and the experience of the 
authors, it was considered justifiable for 
these tests to duplicate as closely as pos- 
sible the test conditions used in obtaining 
the data for the first paper. 


Laboratory Model and Test 
Conditions 


The 2,000,000-volt 0.065-microfarad 
surge generator, built by graduate stu- 
dents at Pasadena, was used as the voltage 
source for the work of this report. 

The conventional surge-generator cir- 
cuit, with a resistance in parallel with the 


Model transmission line with wires 
sagged 


Figure 1. 


Four strokes are shown 
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Figure 2. Taut ground wire and conductor 
parallel 


Used to obtain data for Figures 3 and 4 


test gap, was used. The wave form was 
approximately a 1!/2- by 40-wave; and all 
strokes were fired at the minimum arc- 
over voltage of the test gap, with cloud 
electrode polarity positive. The discharge 
electrode was a °/s-inch diameter rod with 
a rounded end, mounted vertically with 
its lower end 50 inches above the ground 
plane of the model. The ground plane 
was a large salt water basin in which was 
submerged a grid of ground wires, cover- 
ing the entire area of the basin and pro- 
viding a 12-inch mesh over the test area. 
Conductors and tower used in the model 
were solidly grounded. 

The model represented 100-foot trans- 
mission towers supporting 1,000-foot 
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Figure 3. Check tests 


y/h=0.1. Solid curves Pasadena test data. 
Dotted curves Trafford data 
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Figure 4. Check tests 


y/h=0.2. Solid curves Pasadena test data, 
Dotted curves Trafford data 


spans, built to a scale of 10 inches=100 
feet (see Figure 1). Only one mode lscale 
was used, because experience has demon- 
strated that change in model scale does not 
change the relations of test results.! For 
test purposes, number 14 bare copper wire 
was used for overhead ground wire and 
conductor. For tests with sagged wires, 
the proper catenary was maintained by 
use of nonconducting anchor cords kept 
dry by having their lower ends attached 
to metal hooks just above the water. 

To the scale of 10 inches = 100 feet, the 
equivalent height of the cloud electrode 
was 500 feet. This is the generally recog- 
nized minimum height of cloud from 
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Figure 5. Explanation of distribution curves 
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J GROUND PLANE 
VELLA 


Figure 6. Detail of model tower 


Scale 10 inches=100 feet 


which lightning develops. This arrange- 
ment gives conservative results for shield- 
ing conditions. The first paper included a 
study of the effect of protective angle be- 
tween ground wire and conductor. One 
set of data was for an angle of 64 degrees. 
In that test, a measurable percentage of 
strokes terminated on the “‘protected line 
conductor.” This 64-degree angle was 
chosen as a fixed reference angle and used 
throughout the tests reported in this paper. 


Methods of Observation 


In reporting the tests, the total number 
of strokes for any condition was divided 
into groups and classified according to the 
points of stroke termination. The strokes 
were designated as strokes to conductor, 
strokes to overhead ground wire, strokes 
to tower, and strokes to ground plane. At 
least 100 strokes were ‘‘fired” for each 
position of the cloud electrode. The 
points of stroke termination were recorded 
by two observers viewing the model from 
positions such as to have their lines of vi- 
sion intersect perpendicularly at the point 
subject to test. This made it possible to 
determine accurately and without any 
difficulty the point of stroke termination. 
The observers exchanged positions after 
each 25 strokes. If results of the first 50 
strokes were not consistent with those of 
the following 50 strokes, additional strokes 
were fired. The lack of dependence of re- 
sults upon any unique skill or opinion of 
an observer is well established by the 
agreement in the reports of the 16 ob- 
servers used during the series of tests. 


Model Arrangements 


Tests were made under three condi- 
tions: 


1. As shown in Figure 2, using taut 
ground wire and conductor parallel to each 
other, without tower in place or conductor 
sagged. These were check tests to correlate 
this work with that reported in the first 
paper. 
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Figure 7. Taut ground wire and conductor 
parallel 


Tower in place.. For Figures 8-12, 22, and 24 


2. As shown in Figure 7, using taut 
ground wire and conductor with model 
tower installed to determine added shield- 
ing effect of tower. 


3. As shown in Figure 13, using ground 
wire and conductor under less tension and 
suspended from model tower to simulate 
the sag that is always present for actual 
transmission-line conditions. Tests were 
made with this arrangement to evaluate 
the effect of line sag on shielding. 


Results of Check Tests 


In the check tests, the wires represent- 
ing the line conductor and the overhead 


ground wire were tightly-stretched copper 


Figure 8. For cloud electrode in plane of 
tower 


B/h=0 
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Figure 9 
B/h=0.5 


wires supported outside the test area and 
without towers or line sag within the test 
area. The first check test was made with 
h=10.0inches; y/h=0.10; H/h=5; pro- 
tective angle 64 degrees (see Figure 2); 
and the second check test was made with 
the same arrangement except for a change 
in the ratio y/hfrom 0.10 to 0.20. Figures 
3 and 4 show the comparative results of 
the tests made in the two laboratories. 
The Pasadena test results are plotted as 
solid-line test curves, and the Trafford 
test results as dotted-line test curves. 
The results of the two check tests, while 
not in exact agreement with the Trafford 


100 


40 


20 


Figure 10 
B/h=1.0 
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Figure 11 
B/h=2.0 


tests, are as much in accord as one could 
expect for tests of this character made in 
different laboratories by different experi- 
menters who have no agreement as to 
number of ‘‘shots”’ for each condition, and 
other plans of procedure. 

The differences which are to be noted 
in the curves may be due to the difference 
in the number of strokes made to each 
point. The solid curves represent more 
than 1,500 strokes for each curve and a 
minimum of 100 strokes for each A/h 
value used in plotting the curve. How- 
ever, in considering actual lines, the effect 
of line sag and towers is such as to more 
than make up for the difference in the two 


Figure 12. Tower removed 
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Sagged ground wire and con- 
ductor parallel 


For Figures 14-20 and 23 


Figure 13. 


Tower in place. 


curves. One result of the comparison just 
made is the indication that it is well in 
making surge tests of the character under 
discussion to base findings on results ob- 
tained by making at least 100 “‘strokes”’ 
for each plotted point. See Table II. 


Shielding Effect of Towers 


The data obtained with towers in the 
model line added to our general realization 
of their value as aids in line shielding by 
providing data which show that, for a 
cloud electrode at five times tower height 
above ground, a line conductor suspended 
below a metallic cross arm is completely 
protected from strokes originating from a 
cloud point in a plane through the tower 


Figure 14. Cloud electrode in plane of tower 


B/h=0 
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Figure 15 
B/h=0.5 


and perpendicular to the line. The data 
also show that the protection furnished by 
the tower decreases with distance from the 
tower measured along the line, as follows: 


With 100 per cent protection at-the tower, 
there is only 85 per cent protection with the 
cloud point moved parallel to the line a dis- 
tance of one-half tower height from the 
tower. If the distance from the plane of 
the tower to the point of cloud discharge is 
equal to a full tower height, the protection 
is only 50 per cent. The towers offered no 
protection to the line conductor against 
strokes originating from a cloud point more 
than two times tower height along the line 
from the plane of the tower (see Figure 22), 
Towers 100 feet high and spaced 1,000 feet 
apart in a transmission line reduce the 
number of probable strokes to the conductor 
for the over-all line to 80 per cent of the 
number that would be expected for a section 


100 


Figure 16 
Biko 
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Figure 17 
B/h=2.0 


of line without towers. The line conductor 
and overhead ground wire were kept taut 
without appreciable sag in these tests (see 
Figure 7). 


Shielding Effect of Line Sag 


The third set of tests on the model line 
was made with the tower in place and with 
line conductor and overhead ground wire 
kept parallel to each other, both being 
sagged 40 per cent of the tower height at 
the center of the span (see Figure 13). 
These tests show that with 100-foot towers 
1,000 feet apart, the number of strokes 
that hit the conductor for the cloud 


Figure 18 
B/h=3.0 
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Figure 19 
B/h=4.0 


electrode opposite the center of the span 
was only 38 per cent of the number ob- 
served when the lines were not sagged. 
For a uniform distribution of strokes 
originating from clouds along the line, 
the line sag reduced the number of strokes 
to conductor to 52 per cent of the number 
obtained when towers were in place but 
there was no line sag (see Figure 23). 


Distribution of Strokes 


Tests involving thousands of strokes to 
the model-line area from a minimum cloud 
height of five times the tower height 
showed that the line is immune to strokes 
that originate along the line, outside a 
band, the width of which is about seven 
times the tower height. Table I presents 
‘the distribution for strokes originating 
from the cloud electrode located above the 
line at points uniformly distributed within 
a band having a width of seven tower 
heights and with its axis parallel to the 
axis of the transmission line. 


Explanation of Figures 


Figures 2 to 24, showing model arrange- 
ment and results of tests, enable ready 
comparison of results. In these diagrams: 


h=Height of tower and ground wire at 
point of tower support. In tests this 
model was always 10 inches high. 
y= Vertical component of displacement of 
conductor below ground wire. 
x= Horizontal component of displacement 
of conductor from ground wire. 
/P =Protective angle= tan~' «/y. 
H= Height of lower end of cloud electrode 
above ground plane=50 inches. 
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Figure 20 
B/h=5.0 


A = Horizontal component of displacement 
of cloud electrode normal to the line, 
measured from ground wire. 

B=Horizontal component of displacement 
of cloud electrode parallel to the line, 
measured from center line of tower. 

s=Sag of ground wire and of conductor 
at center of span, from heights at 
tower support points. 


For each of the three tests, all model di- 
mensions were fixed, except the horizontal 


Table Il. 


displacement of the cloud electrode, given 
by A and B, which was varied throughout 
the region from which strokes might ter- 
minate on the model line. 


Figure 5 explains the curves of test re- 
sults. For each value of A/h, the per- 
centage strokes to conductor are shown by 
the ordinate to the lowest curve, test 
points shown by ©; the percentage to 
ground wire by the difference between the 
ordinate of the curves whose points are 
(+) and the curve whose points are O; 
the percentage strokes to tower by the 
differences between the curves whose 
points are ((_)) and the curve whose points 
are (+). Strokes to ground plane are re- 
presented by the difference between the 
100 per cent ordinate and the curve whose 
ordinates are marked by (L). 


Figure 2, shows arrangement of model 
line with taut wires only. 

Figure 3 shows results for y/h=0.1, and 
Figure 4 results for y/h=0.2 for tests at 
both laboratories, with wires only as 
shown in Figure 2. Figures 5 and 6 are 
the explanatory curve and detail of model 
tower, respectively. 

Figure 7, shows arrangement of model 
line with tower in place and taut wires. 

Figure 8 shows stroke distribution for 
electrode at various positions (A/h) in the 
plane of tower (B/h=0). 

Figure 9 shows stroke distribution for 
electrode at various positions (A//) in the 


Typical Test Observation Data 


Test 89—Tower, Taut Wires 
5 Strokes in Each Group 
y/h=0.2; B/h=1.0; A/h=2.40 


Stroke Distribution 


Test 149—Tower, Sagged Wires 
5 Strokes in Each Group 


y/h=0.2; B/h=1.0; A/h=2.36 


Stroke Distribution 
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Figure 21. Distribution of strokes along line 


Taut parallel ground wire and conductor only 
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Figure 23. Distribution of strokes along line 
Sagged parallel ground wire and conductor with towers in place 
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Figure 22. Distribution of strokes along line 


Taut parallel ground wire and conductor with towers in place 


plane one-half tower height away from 
tower (B/h=0.5). 

Figures 10, 11, and 12, show stroke dis- 
tribution for B/h=1.0; for B/h=2.0; 
and with tower removed, respectively. 

Figure 13, shows arrangement of model 
line with tower in place and 40 per cent 
sag in wires. Figures 14 through 20 
show stroke distribution for electrode at 
various positions A/h in planes for values 
B/h=0.0; 0.5; 1.0; 2.0; 3.0; 4.0; and 5.0. 


Interpretation of Test Data 


The areas C, G, and T, bounded by the 
curves, as illustrated in Figure 5, show 
values of stroke distribution to conductor, 
to ground wire, and to tower, integrated 
for all values of A/h. The remaining area 
shows strokes to ground plane for inte- 
grated values of A/h up to about 3.5 times 
tower height. 

Figures 21, 22, and 23, in columns 1, 2, 
and 3, respectively, show the distribution 
of strokes along the line, where B/h meas- 
ures distance from tower in terms of tower 
height (2). The ordinates of these curves 
for each (B/h) value were obtained from 
the areas of the preceding curves. The 
areas of Figures 21, 22, and 23 show the 
distribution for stroke terminations for an 
entire span. The data for Table I were 
obtained by measuring these areas. 
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Figure 24, derived from data for Figure 
22, shows as a function of span length the 
percentage of added shielding provided by 
towers. For a 40 per cent sag in a 1,000- 
foot span, a similar curve could be drawn 
showing the added shielding effect of 
towers and sag. This has not been done 
because in actual practice sag changes 
with tower spacing and conductor ten- 
sion, 


Conclusions 


The tests on which this report is based 
show that the Wagner, McCann, and 
MacLane protection values are conserva- 
tive, because they do not include the pro- 
tection provided by towers and line sag. 
The preceding curves can be used to deter- 
mine the additional protection due to tow- 
ers and conductor sag for a protective 
angle of 64 degrees. For other protec- 
tive angles estimates of the added pro- 
tection can be based on reasonable in- 
terpretation of these results. The mag- 
nitude of this added protection is impor- 
tant, since for typical spans it shows an 
increased protection of 20 to 80 per cent. 


Appendix 


Figure 25 is included in this paper to call 
attention to the pattern formed in the 
grounding pool, apparently on the surface 
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Figure 24. Added protection resulting from presence of towers, for 
various lengths of span 


of the water. At the time this picture was. 
made, the water had a somewhat higher re- 
sistance than was used during the regular 
testing program. Figure 1 was made after 
the addition of more salt to the water. The 
“crowfoot”’ figures were then less noticeable. 
Figure 8 in the paper, “Lightning Protec- 
tion for Oil Storage Tanks and Reservoirs’’® 
showed the spread of discharge current over 
a concrete floor. The ‘‘crowfoot”’ travel of 
current over that floor made a photograph 
much like the ones shown in this paper. 
These pictures are of interest in showing 
what may happen when large currents ar- 
rive at a point of sudden change in resist- 
ance. The resistance of the concrete floor 
was very high. 


Figure 25, 
streamers on surface of abnormally high-re- 
sistance water plane 


“Crowfooting"” or spreading of 
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URING the past few years the rapid 
f expansion of mercury-are rectifier 
installations at 600 volts d-c, both as to 
the total kilowatts installed and the rela- 
tively large number of units operated in 
parallel, has emphasized the importance 
of switchgear in providing suitable recti- 
fier operation. In the event of a backfire, 
the rates of current rise through a rectifier 
and its transformer windings lie, in gen- 
eral, between three million and six million 
amperes per second. With large installa- 
tions, such as shown in Figure 1 where 60 
units of 5,000 amperes each are operated 
in parallel, the ceiling value of these cur- 
rents is far above a figure which could be 
tolerated both from the standpoint of con- 
tinuity of operation and safety to equip- 
ment. 
High-speed breakers having a time of 
approximately 0.5 cycle from backfire 
initiation to current limitation may per- 
mit, in some installations, peak currents 
in the neighborhood of 60,000 amperes. 
While such a value is appreciably below 
that which would cause equipment dam- 
age, it is nevertheless undesirably high, 
in that surges and “‘sympathetic’”’ back- 
fires on other units often result. Breaker 
duty and maintenance are higher than 
would be the case with lower values of 
backfire current, and the factor of safety 
is not so great as is desirable. 
Figure 2 shows the current path during 
a backfire in a six-phase rectifier. It will 
be noted that the current flowing through 
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the cathode breaker is supplied by other 
rectifiers on the bus, and that the current 
flowing through the anode breaker is the 
same current plus the additional current 
from the other anodes of the faulted rec- 
tifier. 

Figures 3 and 4 show two accepted con- 
nection schemes for rectifier stations. In 
Figure 3 a high-speed cathode breaker 
opens the backfire current fed from other 
units on the bus of the backfiring unit. 
At some later period, such as six or eight 
cycles, the rectifier-transformer primary 
oil switch opens and clears the backfire 
current supplied by anodes in the back- 
firing unit. Since an oil circuit breaker 
ahead of the transformer may be called 
upon to interrupt the full capacity of the 
system, its economical disadvantage is 
obvious. Furthermore, its slow clearance 
of a transformer secondary short circuit, 
caused by a backfire, is undesirable. 

Figure 4 shows an alternative connec- 


Figure 1. View of 
large rectifier instal- 
lation 


tion scheme in which the individual trip- 
free poles of a six-pole anode breaker 
clear backfire currents fed from the other 
rectifier operating in parallel with the 
backfiring unit, and also interrupt the 
backfire current supplied by the anodes 
in the unit. The semihigh-speed cath- 
ode breaker is used for backup protection 
and to provide, through gang tripping, 
means of dropping.a large unit of load fed 
from a group of rectifiers. 

This paper discusses a six-pole anode 
breaker primarily designed to provide 
reduced operating time on reverse current 
and thus to cut to a minimum the unde- 
sirable effects of backfires. The same 
principles of design incorporated in this 
circuit breaker could apply equally well 
to a high-speed cathode breaker. 

High-speed breakers may be of either 
the latched-in or nonlatched-in type. If 
of the former design, the latch-releasing 
mechanism may be in the form of a simple 
trip, presumably designed with a maxi- 
mum force-to-weight plunger ratio when 
energized with reverse current, or it may 
have some form of bucking-bar latch- 
releasing mechanism, or the latch may 
consist of a friction clutch. With all of 
these types of breaker, a relatively large 


The discharge currents from the arc path 
into the water forming the ground plane for 
Figures 1 and 25 were estimated to be of the 
order of 10,000 amperes. No effort was 
made at the time of the experiments to 
measure the resistance of the ground circuit 
including the arc during the stroke. To 
get some idea of the probable resistance of 
the arc path to ground, a brass rod was sub- 
stituted for the arc path. With the end of 
the rod dipped one inch into the water, the 
ground circuit resistance was found with an 
ohmmeter to vary from 390 ohms to 250 
ohms, depending upon the amount of salt 
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added to the water. With one-half inch of 
electrode immersed in the water, the re- 
sistance was 800 ohms. In the tests made 
with the tower in place, the resistance of 
tower to ground was three ohms. 
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Figure 2. Six- 
A.C phase mercury- 


arc rectifier dur- 
ing backfire 


SWITCH IN OPPOSITE 
RECTIFIERS POLARITY 
i ae a 
fe 
OVERCURRENT 
PROTECTION 
proportion of the total operating time is Figure 3 (right). Schematic UNIT OCB 


absorbed in operating the releasing 
mechanism. 

For example, a predecessor of the 
breaker herein discussed has a polarized 
solenoid-trip mechanism whose plunger 
releases a latch engaging a ball-bearing- 
mounted latch pin on the main arm. 
This breaker trips on about 1,500 am- 
peres reverse current and about 6,000 
amperes forward current, the polarizing 
providing a bias. A typical time study 
of this circuit breaker, based on oscillo- 
grams simulating backfires, shows the 
following: 


Completion of trip plunger stroke 


and release of latch............. 0.17 cycle 
Total time to parting of arcing 

Contacts hima ie tires cele 0.38 cycle 
Total time to current peak...... 0.50 cycle 
Total time to end of arcing...... 0.7 cycle 


It will be observed that of these various 
times the first value, 0.17 cycle, is com- 
pletely wasted in that the breaker 
mechanism proper is not released until 
the expiration of this time. This indi- 
cates that, even if the succeeding times 
were appreciably reduced, no great reduc- 
tion in the total time to current peak 
would be obtained. 

This initial time can be reduced to 
nearly zero by using a bucking-bar hold- 
ing magnet with the armature fastened 
directly to the main operating arm. 
With this design, the main contact arm 
starts to move in 0.03 or 0.04 cycle (60- 
cycle basis) after the backfire is initiated. 

Unfortunately, the difference between 
these latter figures and the previous figure 
of 0.17 cycle is not a net gain, as the total 
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OTHER 


mass of moving parts is so great that the 
acceleration is much slower than is the 
case with the latched-in type of breaker. 
The time to current limitation is still 
higher than is desirable. In order to gain 
speed, the mass of the holding armature 
must be materially reduced as compared 


O-C BUS 


HIGH- 
BRKR, (DISCONNECT 


EED CIRC. 


diagram of main connection in 
rectifier station, using high- 
speed cathode circuit breaker 


with the conventional type of holding 
magnet armature. 

The breaker under discussion employs 
a magnet and armature design reducing 
the armature weight in a ratio of approxi- 
mately 1:3, as contrasted with a con- 
ventional holding magnet. 

Figure 5 illustrates a holding magnet, 


NEGATIVE 


RENT FOR RECTIFIER 
OVERLOAD 


DISCONNECT SWITCH IN 
OPPOSITE POLARITY 


BALANCE REACTOR 


6-POLE HIGH-SPEED 
ANODE CIRCUIT BREAKER 


1.5% REVERSE CURRENT 4 
RELAY FOR GANG TRIPPING 
ALL HIGH-SPEED CIRC. BRKRS. 
(BACK-UP PROTECTION) 


greatly altered, although the armature 
area and hence its pull are the same as 
shown in Figure 5. 

It will be observed that the design in 
Figure 6 shows a weight reduction of 


234-9 
POT. ROOM LOAD PICKED 
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238-4 


POT. ROOM LOAD DROPPED BY GANG 
TRIPPING CATHODE BREAKERS, 
PICKED UP BY GRID CONTROL ON 
RECTIFIER 


10 OTHER RECTIFIERS 


A-C BUS 


the bucking-bar feature being omitted. 
For illustration, this magnet is assumed to 
have an effective armature area of 5.25 
square inches. Figure 6 shows a design 
in which the proportions have been 
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Figure 4. Schematic dia- 
gram of main connection in 
rectifier station, using high- 
speed anode circuit breaker 
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238-5 
WEIGHT OF ARMATURE 
WITHOUT MOUNTING 
DETAILS 1.582 LB 


Figure 5. Conventional design of holding 


magnet 


about 3:1, as compared with that in 
Figure 5, but quite obviously such a de- 
sign is entirely impractical from a me- 
chanical and stiffness standpoint, so its 
theoretical advantages cannot be realized. 


WEIGHT OF ARMATURE WITHOUT 
MOUNTING DETAILS 0.55L8 


Figure 7. Design of holding magnet used in 
one-quarter-cycle breaker 
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230-8 
—} SECONDARY 
BLOWOUT COIL 


Figure 8. Schematic diagram of circuit- 
breaker magnetic-blowout structure 


Figure 7 shows the design employed in 
the breaker under discussion. It carries 
out the same general principle of weight 
reduction as does the design in Figure 6, 
but provides a suitable armature and 
magnet design from a practical and 
mechanical standpoint. The armature 
weight is 0.55 pound, the armature pull 
being 400 pounds. 

Actually, the weight ratios between the 
magnets shown in Figures 5 and 7 are 
even more favorable to the new design, 
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Figure 9 (above). Mechanical operation of 
one-quarter-cycle breaker 


Figure 10 (below). Typical one-quarter-cycl z 
breaker 
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as the magnet in Figure 5 must have a 
laminated armature which with suitable 
mounting details would increase the total 
armature weight. Combined with the 


reduction in armature weight, every effort . 


was made to similarly reduce the weights 
of other moving members. The operating 
arm consists of furnace-brazed high 
strength aluminum alloy tubes carrying 
the i,500-ampere contact finger assembly. 
The latter consists of four one-half-inch- 
wide fingers with nickel! silver movable 
and stationary contacts and one Elkon- 
ite-faced arcing tip, which opens slightly 
later, after the main fingers part. 

Initial experiments were conducted 
with this mechanism, using the blowout 
structure employed with the previously 
mentioned latched-in anode breaker. 
This blowout structure, employed very 
satisfactorily with the latched-in anode 
breaker, proved unsatisfactory on the 
faster breaker. The reason is that with 
the previous breaker the current reached 
a value under a certain set of test condi- 
tions of 30,000 or 35,000 amperes when 
arcing was initiated, whereas, with this 
higher-speed breaker, arcing was initiated 
at appreciably less than half this value. 
As a consequence, satisfactory speed of 
are travel during the early formation of 
the arc was unsatisfactory, resulting in 
distress and delayed current limitation. 

The final blowout design, which gave 
satisfactory performance, is shown in 
Figure 8. The same general principles, 
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OVERALL TIME DB 
0.64 CYCLE 
Figure 11. Composite current oscillogram 
comparing one-half-cycle and one-quarter- 
cycle anode circuit breakers 


previously used, were maintained, but 
the primary blowout responsible for initial 
arc motion was strengthened, and the 
transfer to the secondary blowout was 
made’ much earlier. 

The method of obtaining trip-free 
operation is shown in Figure 9. One 
compound wound motor is used to operate 
a six-pole unit, driving, through insu- 
lated shafts, the high-speed shafts of 
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small speed reducers, one being mounted 
on each pole. 

The low-speed shaft of each reducer 
carries a crank and roller over which a 
small steel chain rides. If the motor is 
run continuously and the armature is 
sealed against its magnet, the effect of the 
chain riding on this crank roller is to 
cause the breaker to go through an open- 
close cycle. A limit switch, controlling the 
motor with dynamic braking, insures this 
crank roller’s stopping at the proper point. 

Figure 10 shows a photograph of one 
complete single-breaker pole. For anode 
use, the holding-magnet shunt coils are 
energized at all times from the a-c aux- 
iliary power for its rectifier through a 
small dry-type rectifier. The six holding 
coils of the six poles are connected in 
series, the breaker being tripped from the 
switchboard by means of the motor 
mechanism. 

Figure 11 is a composite current oscillo- 
gram comparing the new breaker with its 
predecessor. The various time intervals 
are indicated for the two breakers. The 
information shown was taken from oscillo- 
grams made when testing the breakers by 


“connecting them directiy across the ter- 


minals of two 3,000-kw 600-volt 300-rpm 
compensated d-c generators in parallel, no 
reactance or resistance being in series 
with the breaker. The rate of rise is 
approximately the same as experienced in 
the rectifier station where the breakers 
are employed. 
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HE term “buried cables” has come to 

mean those underground cables which 
have no conduit protection. Due to the 
accelerated demand for such construction 
in recent years, much effort has been ex- 
pended in devising methods and develop- 
ing machinery for burying cables. One 
of the earlier methods used in this and 
some foreign countries was to dig a trench 
by hand alongside the road; unreel the 
cable from a moving truck, thus laying it 
beside the trench; work the cable over 
into the trench by having 30 to 50 men 
handle it in relays; splice the cable in the 
trench, and finally backfill the spoil and 
tampit by hand. Later variations of this 
method introduced one or more of the 
following units of machine equipment: 


Power trenching machines. 


Caterpillar tractors with trailers to straddle 
the trench, laying the cable directly from the 
reel into the trench. 


Drag-line or other types of power backfillers 


Power tampers or rollers. 


In order to further reduce the number 
of operations involved, speed up the in- 
stallation, and reduce the cost, large plow 
trains have recently been developed 
which, except for splicing, in ordinary soil 
complete the job of burying a cable in one 
pass over the route. The idea of plowing 
cable into the ground is not new. In fact 
the great grandfather of all the cable 
plows was designed by Ezra Cornell long 
before he established the university. His 
‘ponderous machine’ drawn by a “‘long 
line of horses’ was designed for laying 
telegraph cable in the early 1840’s, but the 
development was dropped when the sim- 
ple expedient of carrying wires on poles 
and insulators was conceived. 
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The large plow trains recently devel- 
oped for installing telephone cable are 
capable of burying either a single cable or 
a pair of cables together with as many as 
three properly spaced lightning-protection 
wires, and of cutting a slot for them as 
much as 50 inches deep where such a 
depth is required. To provide the com- 
plete plow train has required the design of 
many pieces of equipment which the word 
“plow” does not suggest to one’s mind. 
The plows and some of this equipment are 
discussed in the following paragraphs. 


The Plow Train 


Arrangement of the equipment in the 
train varies with the conditions. In 
Figure 1 two identical plows are included; 
the front one roots a trench 3/4 inches 
wide by 30 to 50 inches deep, thus insuring 
uninterrupted passage of the following 
plow which deposits two cables and the 
lightning shield wires, all properly spaced 
in the ground. This 100-ton train moves 
forward at the rate of a brisk walk, laying 
the cables and wires as it goes, with pauses 
for reel changes. 

Where the ground is not hard and is 
free of rocks, and thus there is no danger 
of interruption to the plow from buried 
obstructions, the train make-up may omit 
the rooter plow, leaving three tractors, 
the cable plow, and the two trailers carry- 


ing reels of cable. On the other hand, it 
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frequently happens that more difficult 
plowing conditions exist, or underground 
obstructions are known to be present, as, 
for example, with nests of heavy boulders 
(Figure 2). Here, two or three tractors 
and one plow will first go over the line one 
or more times to root the trench. As a 
separate operation, there will follow one 
or two tractors pulling a plow followed by 
a number of cable-reel trailers correspond- 
ing to the number of cables to be placed 
in the trench. 

In rooting or plowing, occasionally the 
train may become stalled. The front . 
tractor will then run ahead with its 76,000- 
pound single-line capacity winch and 
“winch out” the train with a two-to-one 
pull (Figure 3). One of the caterpillar 
tractors, weighing with full equipment 
more than 20 tons, has a maximum draw- 
bar pull of 30,000 pounds on the level. 


Burying Cable on Steep Grades 


Unfortunately, when pulling up hills the 
available tractor drawbar pull decreases 
in proportion to the steepness of the grade, 
since a part of the power is consumed in 
raising the tractor weight. However, by 
careful handling of the equipment and 
generous use of the winch, cable can be 
plowed up or down hillsides even where 
the grades are as great as 60 per cent. 

The preferred method of operation on 
mountainsides is to root down the grades, 
leaving a tractor on top to steady the 
heavy train with its winch line. In order 
to obviate any possibility of buried stones 
wedging at the side of the plowshare when 
placing the cable, the last pass of the 
plow doing the rooting work is in the 
same direction as the cable-laying plow 
will take. The trusty winch is also 
located on the hilltop when it is necessary 
to plow uphill. In contrast with the 
rooting operation, the cable must be laid 
uphill as well as downhill. This is be- 
cause the reel lengths of cable normally 
used (1,500 to 3,000 feet) will span more 
than one hill, and it is undesirable to 
introduce any more splices than necessary 
in the cable. 
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Figure 1. Plow train crossing great plains 


The train consists of a 100-horsepower Diesel 

Caterpillar tractor, a traction-loading cable- 

reel trailer, two more tractors, a rooter plow, 

a fourth tractor, a cable-laying plow, and 

finally two winch-loading cable-reel trailers. 

Entire train is connected into one unit weigh- 
ing 100 tons 


Figure 2. Rooter train without plow has just 
passed 


Plow comes later and is operated independ- 
ently where soil obstructions are particu- 


larly bad 
Figure 3. Pulling plow train out of soft 
ravine 


The heavy steel cables from wire-rope block 
attached to front of tractor lead ahead to the 
winch and towing bar of head tractor 


Figure 4. Airplane view 


Used in selection of cable route 


Figure 5. Bulldozer at work 
Leveling off sharp dips in uneven ground 
ahead of plow train 
Figure 6. Creek crossing 


A roadway for plow train was cut by bull- 
dozer to permit passage through creek banks 


Pei and Preparing the 
Right of Way 

d 

| Now that we have seen something of 
what the plow train is like and how it can 
winch itself out of difficult situations, let 
us go back in the sequence of the opera- 
tions and see how the route for the buried 
cable is selected, surveyed and explored so 
that the work of preparing the right of 
way can be started. 

When it has been determined that a 
buried cable will be required between two 
points, possible routes are explored to 
establish the best location, such factors 
being kept in mind as accessibility, esti- 
mated cost of the construction, nature of 
the terrain, plant of other utilities, cost of 
right of way, future developments, and so 
on. In rugged country, this initial survey 
of the route may be made with the assist- 
ance of aerial photography. The air- 
plane survey pictures are carefully studied 
through special lenses which give a three- 
dimensional effect in viewing them, and 
remarkable detail is afforded by the pres- 
ent-day photographic and viewing equip- 
ment (Figure 4). The relative heights of 
trees and buildings stand out with all the 
clarity of the old-time stereoscope. Since 
private right of way is generally followed, 
the use of this ideal method of route selec- 
tion is often found to be worthwhile. 

The tentative route laid out on maps or 
on the aerial-survey picture is now ex- 
plored on the ground by engineers. As 
has been mentioned, the route ordinarily 
goes across fields, woodlands, mountains, 
and streams, but always consideration is 
given to accessibility from the highways 
and to the other factors which have been 
discussed. This is important both from 

the viewpoint of the ease of installing the 


Figure 7. Square 
crossing of road 


Sharp drop of ditch banks had previously been “eased 
off” by bulldozer. Road surfaces and ditch banks were Fe eat! 
replaced to original condition after plow passed 


Figure 8. ‘tSwamp grousers’’ 


Caterpillar tracks augmented by oak cleats 


Figure 9. Steel skid supporting plow tongue in marsh 


Because of heavy down thrust on plow tongue a skid 
31/, by 11 feet is required to support it 


Figure 10. Burying cable in mud 


The problem is one of density and depth of mud, weight 
of equipment, the bearing-up area, and the winch power 
available 


Figure 11. Burying cable in river bed 


Power winch on tractor anchored in opposite bank pulls 
plow train across, depositing cable as it goes 


Figure 12. Tractor with four-drum winch 


Multidrum = winch 
used for adjusting 
plow depth, loading 
cable reels upon 
trailers, and moving 
trailers 


Relay winch 


Figure 13. 


This winch pulls tongue end of rear trailer 
into special keeper which acts as a coupling. 
Paying out this rope permits rear trailer to lay 


behind the train 


cable and that of maintaining it in the 
future. 

Information regarding soil conditions 
and underground obstructions is very 
valuable in planning the route. Some- 
times oil- and gas-pipe lines are encoun- 
tered. The plow is sufficiently rugged, 
and the tractors have ample power to 
snap a good sized underground pipe in 
two. This method of striking oil is not 
to be recommended. 

By the use of suitable apparatus, under- 
ground pipes can be readily located with- 
out excavating. There is commercially 
available a radio-tube type of under- 
ground-pipe locator which indicates the 
route but not the depth of the buried pipe. 
To determine its exact location, another 
electrical detector, developed by the Bell 
Telephone Laboratories, can be used. 
This device is so accurate that an under- 
ground pipe or cable can be located within 
less than an inch both laterally and in 
depth below the surface. 

Through use of the information ac- 
cumulated by the methods mentioned, the 
line of the proposed buried cable can now 
be staked out ready for the work crews. 
Buried boulders, ditches, and other 
obstacles interfere with the cable-plowing 
operation. Whatever preparatory work 
can be done to anticipate delays to the 
rooting and cable-plowing crews helps to 
“keep the train moving.” At sharp 
ravines, road ditches, or creeks, the cross- 
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ings become quite simple if a bulldozer on 
the front of a tractor (Figure 5) has first 
cut a roadway through the banks. 


Creek and river banks particularly require 


this treatment (Figure 6). It might be 
noted in passing that at such locations, if 
there is any danger of the cable being 
disturbed later by road-construction 
work or earth washing, the cable is plowed 
in at full 50-inch depth to afford maximum 
protection. The sides of steep road 
ditches are sloped off, not only to facili- 
tate pulling the train across, but also to 
minimize the tilting of the plow, with the 
resulting tendency to raise the bottom of 
the share, thus laying the cable too shal- 
low (Figure 7). 

The plow operates satisfactorily across 
gravel and macadam roads as well as 
those which are not surfaced. Of course, 
the roads and ditch banks are restored to 
their former condition. 

Experience indicates that it is not safe 
to operate along hillsides where the 
grades are more than about 10 per cent. 
In attempting to pull around the side of 
the hill, there is always a tendency for the 
train to work down grade. For such con- 
ditions, the bulldozer is used to good effect 
cutting out a level roadway. 

Of course, in wooded country, aroadway 
must be prepared for moving the cable 
reels and equipment along the right of way 
as well as for clearing a place to plow. 

On private right of way an easement on 
a strip of ground about one rod wide is 
ordinarily secured, anticipating the possi- 
ble future need of a second buried cable. 
A passageway at least 10 feet wide is 
cleared, and at reel-change points addi- 
tional width is required to maneuver the 
equipment. The 10-foot width will per- 
mit passage of the train in rooting and 
plowing. However, unless the cost of 
clearing an extra 3 feet of right of way is 
excessive, it is very desirable to have a 13- 
foot passageway so that the 8!/,-foot- 
wide tractor can be used for tamping, as 
will be discussed later. Where practica- 


Figure 14 (left). 

Yoke of winch load- 

ing trailer lifting a 
reel of cable 


Yoke is pulled up 
by winch rope from 
one drum of multi- 
| drum tractor winch. 
Spindle has one foot 
to go before latches 
will catch it 
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Figure 15 (above). 


ble, the trees within the proposed passage- 
way are pulled out by the roots in order to 
eliminate the interference with plowing 
which the roots would cause. 


Crossing Swamps and Streams 


Swamps and very soft ground present a 
difficult problem. For such work the 
tractor-caterpillar tracks are supple- 
mented with ‘‘swamp grousers’’ (Figure 
8), constructed of overhanging, bolted-on 
oak cleats. The plow tongue is supported 
by a special steel skid (Figure 9) 31/2 feet 
wide and 11 feet long. To provide in- 
creased bearing surface for carrying the 
load of the plow, skids may be added un- 
der the 12.75- by 24-inch pneumatic tires. 
These are in addition to the mud-bearing 
plates under the plow frame. The cable- 
reel trailers carry large mud-bearing 
plates under their frames. 

By such expedients as these, the unit 
bearing pressure on the mud is so reduced 
for each member of the train that it can be 
slid over the soft surface placing at the 
same time the buried cables and wires at 
the proper distances beneath the surface 
(Figure 10). 

The technique followed in crossing. 
streams is similar in some respects to 
that used in negotiating marshy ground 
(Figure 11). If the water is deep, the 
tractor may find it necessary to detour to 
shallower water or by the nearest bridge, 
and it may be found desirable to root 
across before laying the cable under the 
stream, whereas, in the soft marsh the 
rooting may not be necessary. 


Important Features in 
Operation of Plow Train 


The caterpillar tractor placed next to 
the plow in the train is equipped with a 
four-drum winch (Figure 12) with inde- 
pendent lever controls conveniently lo- 
cated for the tractor driver so that he can 
exert a pull up to about 6,000 pounds in 


Cables emerging from plowshare 


In starting a job cable ends are pulled through 
share and staked before plow moves ahead 
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ne or more of the four winch ropes. 
_ Two of the ropes are used to raise and 
lower the plowshare, thus adjusting the 
rable es The third rope feeds to a 
am new-type “relay winch” (Figure 13) 
mounted in the front trailer. On dual- 
cable jobs this winch pulls the rear trailer 
up to its coupling under the axle of the 
front trailer in the operation of changing 
reels, 
The fourth rope from the multidrum 
winch leads to the arm of the reel- -lifting 
_yoke on either trailer as shown in Figure 
a Pulling the yoke forward raises the 
(possibly 10,000-pound) loaded cable reel 
into position where the reel spindle is 
locked in the traveling position. Re- 
-versing the operations and slowly paying 
out the winch line lowers the empty reel 
from the trailer. 


Feeding Cables and Wires Into Plow 


In starting a dual-cable job the plow- 
share is raised to the top position and the 
cable ends fed in until they emerge from 
the exit opening (Figure 15). The cable 
ends are secured against movement 
along the ground, the share is gradually 
lowered to depth in the first few feet of 
travel, and the plow train is moved for- 
ward, thus laying the two cables at the 
desired depth until the reels are empty. 
After the empty reels are exchanged for 
full ones, the new cable ends must be fed 
through the plowshare. This is done by 
connecting each new length of cable to 
the one which has just been placed by 
overlapping the ends and binding them 
together (Figure 16). As the plow train 
now starts on the next installation, the 
spliced ends are guided into the share by 
two men riding on a platform carried on 
the front trailer tongue, and a cycle of 
operations has been completed. 

Where lightning-shield wires are re- 
quired, the reels of wire are carried on the 
front trailer or on the plow tower as in 


Figure 16. Cable ends clamped ready to 
enter plow 


Each succeeding cable end is clamped to end 
of cable ahead, in order to pull it into plow- 
share 
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Figure 7, and they are fed through special 
ducts in the share from which they are 
emitted at the desired locations in the 
ground. 


Changing Reels 


Changing the reels as mentioned above 
is necessary for every cable length. 
Where one cable is being laid, this is a 
simple matter, but, where two reels are in- 
volved, the changing of the front one pre- 
sents some difficulties, as can be visualized 
by referring to Figure 3. The rear trailer 
completely blocks the operation. In 
order to leave space between the two 
trailers, thus permitting the front one to 
be loaded, the rear trailer is dropped from 
the train as it moves along, about 50 feet 
before the cable end leaves the rear reel. 
This is accomplished by releasing the relay 
winch, thus disconnecting the rear trailer 
from the train, just as the engineer of a 
switching locomotive might drop a car 
from his train. The front trailer is now 
accessible from the rear so that the reel 
can be lowered from it (Figure 17). A 
tractor with a third trailer now moves a 
full reel to the front trailer and it is 
loaded. The relay winch comes into ac- 
tion at this point to pull the rear trailer 
up to its working position where it is 
automatically coupled in the train, after 
which it receives a new full reel of cable. 


Lubricating the Cable 


The buried cables ordinarily used, range 
in size from 1 to 2!/, inches outside diame- 
ter. However, cables as large as 3.2 
inches in diameter may be used by em- 
ploying a wider share which the plow is 
designed to accommodate. Usually they 
are covered with an asphalt-impregnated 
jute wrapping under which, in gopher- 
infested territories, there will be steel 
gopher tape surrounding the conventional 
lead sheath. In some cases a thermo- 
plastic rubber and burlap covering is used 
instead of jute. 

The asphalt-impregnated coverings de- 
velop high coefficients of friction against 
the steel walls of the rectangular tube 
through which they pass while in the 
plowshare. This results in tensions as 
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Figure 17. Changing reels on front trailer 


Train must be broken in order to get new full 
reel to the front trailer 


high as 5,000 pounds in the cable, which is 
objectionable for electrical as well as 
mechanical reasons. The tension is re- 
duced to a safe maximum of less than 
1,000 pounds by directing a steady oil 
spray on the cable as it enters the share. 
This is accomplished by an adaptation of 
a paint spray gun using compressed air or 
nitrogen supplied from a cylinder carried 
on the plow. 


Safety Shear Pin 


With the powerful tractors pulling in 
series formation, what happens if the ex- 
tremely rugged plow hits, let us say, a 
buried ledge of solid rock? The plow is 
an integral part of the very heavy briskly 
moving rooter train with its combined 
tractor drawbar pull of 200 or 300 horse- 
power. Under such a condition a safety 
shear pin of 72,000-pound strength, in 
the plow tongue, releases the load. 


Backfilling and Tamping 


In plowing, some soils may be consider- 
ably disturbed by the passage of the 3°/4- 
inch-wide share with the extra ducts, 
familiarly known as “‘blisters,’’ on the 
sides to carry the lightning shield wires. 
As the rear trailer passes over the trench, 
it drags a V-shaped device which mounds 
the loose earth over the trench (Figure 


Figure 18. Backfiller 


A \/-shaped device under rear trailer mounds 
up disturbed earth over trench in which cable 
has been deposited 
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18). Then a good job of tamping is done 
by running a caterpillar-tractor track 
along the mound. This is done by the 
tractor which is used for handling reels. 


Signals 


The clatter of the Diesel engines makes 
vocal signals on the job unreliable. A 
tractor exhaust whistle or an electric horn 
is connected to a long control rope extend- 
ing back along the train and so located 
that it can be reached from convenient 
points at either side of the train to give 
signals, 


Performance of 
Cable-Burying Gangs 


Under ordinary conditions it is possible 
to place about 17 trench miles of cable per 
five-day week with this equipment. 
This would mean that a foreman with his 
crew of about eight men, on a dual-cable 
job, might, in a week, bury 34 miles of 
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Figure 19. Where 
buried-cable right of 
way crosses the high 

Sierras 


In this solid granite, 

a shallow narrow 

trench will be pre- 

pared by chain blast- 
ing 


cable together with whatever lightning- 
shield wires are required. 

Conditions vary widely from the prai- 
ries with their black loam and clay to the 
steep mountains, or the soft marshes, or to 
soil sown thick with boulder. The mile- 
age of cable buried daily naturally will 
correspond to the conditions encountered. 


Burying Cable by Other 
Than Plow Methods 


Because of its speed and economy the 
plow train is used wherever practicable 
for burying cables. In extremely rough 
mountainous territory some right of way 
may be too steep or rocky or too inacces- 
sible, but it is surprising how small rela- 
tively is the footage even here which 
cannot be economically plowed. 

For instance, a location on the proposed 
transcontinental cable line, where there 
has been some question whether the plow 
could be used, is in the ten miles of hard 
salt right of way along the highway ad- 
joining and parallel to the Bonneville 
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automobile-racing flats in Utah. How- 
ever, in exploratory trials at this location, 
the plow rooted through the hard salt 
beds very satisfactorily. 

There are some locations in the high 
Sierras where a relatively small portion 
of the proposed Sacramento-Reno section 
of the transcontinental cable run must 
cross areas of practically solid granite 
(Figure 19). Here the engineers plan to 
prepare by chain-blasting a narrow 
shallow trench in which the cables will be 
laid and the trench filled with an as- 
phaltic material which will hold its 
position, keep water out of the trench, 
and protect the cable. 


In a paper such as this, only the major 
operations and the principal items of 
equipment can be mentioned. Many 
others have had to be developed in order 
to make the use of buried cable broadly 
applicable. There are the jobs of passing 
under concrete arterial highways where 
the pavement cannot be disturbed and 
the soil may be either earth or rock. 
There is the matter of finding a way to 
cross under rivers too swift and full of 
boulders for submarine cable, having 
solid granite beds which, of course, can- 
not be plowed. There is the matter of 
avoiding buried pipes and other obstruc- 
tions. These are no small matters. On 
one 83-mile run there were 91 crossings 
of oil-pipe lines at the time of the survey. 
Before the work was done, in a few 
months, four new pipe lines had been 
gained and three old ones lost. 


All these and many other operations 
must be planned and executed in an 
extensive program of burying telephone 
cables, such as is now being carried on 
by the Bell system. 
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ynopsis: In many cases it is of great im- 

ortance to study phenomena which do not 
occur periodically. Such phenomena, called 
transients, arise, for example, at the time a 
short circuit appears in a power line, during 
the discharge of the condenser of a spot- 
welding machine, during the starting of 
electric machinery, and on very many other 
occasions. 

: Most of the instruments available thus 
far for investigation of transients employ 
the method of film recording, which has 
the disadvantage of requiring a developing 
process. 

A new transient recorder has been de- 
veloped, employing magnetic-tape record- 
ing as a means of preserving the record of a 
transient and steadily repeating this record 
on the screen of an oscilloscope. This 
method has the advantage that it requires 
mo processing and that the same magnetic 
carrier can be used continuously without 
loss of material. 


HE investigation of transient phe- 

nomena has always been of great in- 
terest to physicists and engineers. The 
observing of transient phenomena pre- 
sents a major problem, mainly when the 
time the transient occurs cannot be 
anticipated, and where the duration of 
the transient is so short that visual in- 
spection of it is impossible. 
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MODULATION 
ENVELOPE 


Figure 1. The modulated carrier acting on 
the magnetization curves of magnetic-recording 
medium 
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mA New inetrinent for Recording 
Transient Phenomena 


S. J. BEGUN 


NONMEMBER AIEE 


In most methods known heretofore, re- 
cording of the transient phenomena is 
employed. Usually a permanent record 
of all occurrences, including the transient 
under investigation, is made, and the 
interesting part of the recording is 
analyzed. Where transient plignomena 
occur rarely, it seems obviously a waste of 
material to record continuously the 
steady-state conditions, only for the bene- 
fit of an occasional transient. To meet 
this difficulty instruments have been de- 
veloped which will start recording only 
when the transient occurs. Such in- 
struments require very specialized equip- 
ment, particularly since it is usually of 
great importance to obtain a picture of 
the complete transient instead of merely 
one part of it. 

Film recording is used in most cases. 
Mechanical recording, as employed in 
high speed level—or pen recorders, has 
not found any wide application, mainly 
because of the limited frequency range 
due to the mechanical parts involved. 

Different film-recording instruments 
have been successfully marketed and are 
now being used in field and laboratory 
work. The use of film has the great 
disadvantage that it requires a develop- 
ing process, and in many cases this re- 
quirement makes such an instrument 
impractical. 

These and other difficulties have been 
overcome by a new transient recording 
apparatus to be described. This new 
instrument uses magnetic recording. The 
principle of magnetic recording and re- 
production has been widely discussed in 
technical literature1 The method as 
used in this instrument, however, in- 
volves some novel features which are of 
interest. 

In the magnetic-recording process, 
small electromagnets known as magnetic 
heads are subjected to the signal current 
and produce a magnetic pattern on the 
recording medium moving between their 
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pole pieces. This magnetic pattern varies 
in intensity from point to point on the 
medium, and this variation of the mag- 
netic intensity corresponds to the signal 
being recorded. 

In the reproduction process, this vary- 
ing magnetic pattern moves past the pole 
pieces and induces in the pole-piece coils 
a voltage correlated to the originally re- 
corded signal. 

To obliterate the recorded signal it is 
only necessary to remove the varying 
magnetic pattern and establish a uniform 
magnetic state, This is usually accom- 
plished by saturating the magnetic car- 
rier. An alternative way of obliterating 
is to demagnetize and return the mag- 
netic carrier to its virgin unmagnetized 
state. 

There is, however, one difficulty in- 
herent in the magnetic recording system: 
it is not possible to reproduce very low 
frequencies, since the voltage generated 
in the reproducing head is a function of 
frequency and becomes small indeed for 
very low frequencies. On the other 
hand, transient phenomena often require 
the recording of not only very low fre- 
quencies, but even direct current. There- 
fore, transient signals in many cases 
cannot be used directly to actuate the 
recording head, since it is difficult, if 
not impossible, in reproducing such re- 
cordings to compensate sufficiently for 
the fall-off at these low frequencies. This 
difficulty has been overcome by utilizing 
a carrier frequency which is modulated 
by the signal to be recorded. 

In conjunction with this carrier-re- 
cording system, it has been found prefer- 
able to obliterate the record by returning 
the tape to an unmagnetized state. This 
gives two advantages: 


1. It makes unnecessaty the use of a d-c 
polarizing current which normally must be 
superimposed on the signal to be recorded 
when obliteration has been obtained by 
magnetic saturation. This polarizing cur- 
rent, on breaking, would set up its own 
transient which is unrelated to the investi- 
gated transient. 


View of obliterating head 


Figure 2. 
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Figure 3. Schematic 
arrangement of obli- 
terating head 


2. When used in conjunction with the 
carrier system, this obliteration method 
produces a higher signal-to-noise ratio. 


The carrier-recording process may now 
be analyzed by reference to the two 
branches A and B of the magnetization 
curve as shown in Figure 1. These mag- 
netization curves are relatively lincar 
between points K and L and points K! 
and L!, The unmodulated carrier cur- 
rent is so adjusted that the extreme values 
of the envelope produced by the modulat- 
ing signal lie within this linear portion. 
One half of the modulated carrier acts 
on magnetization curve A and the other 
on curve B. The nonlinearity of the 
magnetization curve near the origin is of 
little effect since not more than 70 per 
cent modulation is used. Therefore, the 
peak values of magnetic induction re- 
corded on the passing medium will be 
linearly proportional to the peak values 
of the carrier frequency, thus producing a 
magnetic facsimile of the envelope. 

To obtain a proper reproduction, the 
reproducing head must be able to take 
care of the frequency range which is de- 
termined by the carrier frequency and 
the side bands. This, however, can be 
done without any great difficulty. 

The present instrument uses a thin 
magnetic steel tape as recording medium. 


Figure 4. Wiew of recording-reproducing 
head 
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Figure 5. Schematic arrangement of record- 
ing-reproducing head 


The obliterating is done by a head of 
novel design. This head consists of two 
electromagnets oppositely mounted across 
the width of the tape and polarized so 
that the opposing ends of the pole pieces 
have the same polarity, thus producing a 
diffused magnetic field. This diffused 
field allows the magnetic-field strength 
to decrease slowly and gradually as the 
tape passes by, and since a-c is supplied 
to the obliterating coil, the magnetic tape 
emerges completely demagnetized. The 
obliterating head is shown in Figure 2 
photographically and in Figure 3 dia- 
grammatically. 

For recording and reproducing, a 
single standard magnetic head may be 
used. Such a head is shown photo- 
graphically in Figure 4 and diagram- 
matically in Figure 5. 

The magnetic-recording method makes 
it possible to automatically obliterate 
any previous record and to substitute a 
new one for it. This unique characteris- 
tic of magnetic recording permits con- 
tinuous carrying on of the recording and 
obliterating process until a transient 
phenomenon occurs. As long as steady- 
state conditions prevail, the record made 
of them is continuously obliterated, since 
this can be done without loss of material. 
The new instrument makes use of an end- 
less magnetic tape on which the signal is 
continuously recorded and after a short 
time interval again obliterated. The 
recording and obliterating process is 
stopped only when a record of a transient 
occurrence has been made on the moving 
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tape. The obliterating and recording 
heads are placed close together in such a 
way that each portion of the moving tape 
passes at first through the obliterating 
head and shortly thereafter through the 
recording head. The time interval which 
is required for the tape to complete one 
cycle, namely to leave the recording head 
and reach the obliterating head is the 
available recording time, and this re- 
cording time has to be somewhat longer 
than the maximum duration of the tran- 
sient to be investigated. 

As soon as a transient occurs, a trigger 
system is actuated which automatically 
stops the recording process as soon as 
the tape completes the cycle, as has been 
just described. The time length of a 
cycle can be increased by increasing the 
length of the tape loop. The timing of 
the trigger circuit is adjustable, in order 
to conform with this increased time 
length. Such a trigger circuit is made an 
integral part of the instrument. 

After the transient has thus been re- 
corded on the tape, it will now be periodi- 
cally reproduced, since the tape is end- 
less. This regular repetition makes it 
possible to synchronize the horizontal 
sweep of an oscilloscope with the tape 
cycle, thus giving a steadily repeating 
picture on the screen of the oscilloscope, 
and facilitating observation of the tran- 
sient. 

Figure 6 shows a block diagram of the 
system. The signal to be investigated is 
applied to terminals a and b of the modu- 
lating circuit (1). The carrier frequency 
modulated by the signal is amplified by 
the amplifier (2) and passes then through 
a filter (3) and switch (4) to the recording 
head (5). The carrier frequency is 
generated by the oscillator (6) which also 
supplies through amplifier (7) an obliter- 
ating current for the obliterating head 
(8) The endless tape (9) moves over 
the two rollers (10) and (11) so that it 
passes first through the obliterating head 
(8) and then through the recording head 
(5). Any signal which is recorded by the 
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recording head remains on a given portion 
of the tape until this portion reaches the 


obliterating head, which eliminates any 


“previous signal from the tape and pre- 


pares it to accept a new recording. The 


_ transient signal is also supplied to a trigger 
circuit (12) which operates with a time 


delay. As soon as a transient occurs, 


the trigger circuit becomes energized, 


and after a short time interval, slightly 
shorter than one complete tape cycle, it 
blocks the obliterating amplifier. Simul- 
taneously, the trigger circuit disconnects, 
by means of switch (4), the recording 
circuit from the recording head (5). 
The system is now ready for reproduc- 
tion. The reproducing head, which is 
in this apparatus the same as the record- 
ing head, supplies the induced signal to 
the. reproducing amplifier (13) which 
supplies the signal through a band pass 
filter (14) to a demodulator (15). The 
demodulated signal is now reproduced 
on the oscilloscope. 

A simplified block diagram is shown in 
Figure 7 and illustrates graphically the 
electric functions of the essential parts 
of the system. 

The different filters serve to eliminate 
spurious signals. 

Great care has to be taken to eliminate 
phase distortion and amplitude distor- 
tion. For proper analysis of a transient 
phenomenon, the visual picture of the 
reproduced transient must be identical 
with the original. Because of this re- 
quirement, such an instrument is subject 
to much more severe restrictions than a 
sound-recording apparatus, where phase 
distortions are usually considered un- 
important. By proper design of the 
filter circuit and the other circuit com- 
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ponents, amplitude and phase distortion 
is reduced to an inconsequential minimum 
for a given frequency range. 

The transient recorder in its practical 
form comprises two units as shown in 
Figure 8. Unit A contains the modu- 
lator, amplifier, and the trigger system. 
Unit B contains the drive mechanism for 
the tape loop, the magnetic heads (5) and 
(8), and the power supply. In the drive 
mechanism a synchronous motor propels 
by way of a belt the drive roller (11). 
A flywheel associated with the drive 
roller assures a uniform speed of the tape. 
The idler roller (10) can be moved in a 
slot (16) so as to tighten the tape and 
also make adjustment possible for tapes 
of different lengths. The recording- 
reproducing head may be opened for 
removal of the tape loops. If it is desir- 
able to preserve an interesting transient 
on the steel tape, the tape may be re- 
moved and kept for any length of time 
with the signal recorded on it. 

Unit A with the modulator, amplifier, 
and trigger has only electronic parts. 
To assure satisfactory operation inde- 
pendent of line-voltage fluctuation, the 
oscillator for supplying the carrier fre- 
quency and the obliterating signal has 
been stabilized with respect to frequency 
and amplitude. The carrier frequency 
which has been selected for this particular 
unit is 2,200 cycles. The band pass 
filters are so designed as to permit the 
transmission of the carrier frequency and 
side bands necessary to obtain the de- 
sired frequency range, namely 0 to 500 
cycles, without phase and amplitude dis- 
tortion. 

The new transient recorder was origi- 
nally developed to meet the difficulties in 
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Figure 8. View of the instrument 


investigating transients occurring in the 
different welding processes, particularly 
in the condenser-discharge type of spot 
welding. The frequency range of the 
instrument has been chosen for this 
particular application, and the limit of 500 
cycles takes care of the frequency com- 
ponents to be expected. The maximum 
recording time is about 0.2 second and the 
required input transient voltage is about 
2 volts. 

Much work has been done of late with 
such an instrument in the investigation 
of welding processes, and it has proven to 
be very valuable as a laboratory tool. 
Undoubtedly it will also prove useful for 
production processes. The instrument 
may be easily adapted to many other ap- 
plications. Among these are transient 
occurrences in power lines, transient 
phenomena in loud speakers, illumination 
patterns of photo flash bulbs, shock- 
excited vibrations of mechanical parts. 
Many other applications will undoubtedly 
be found. 

The instrument may be designed for 
different frequency ranges, depending 
upon the requirements, but still utilizing 
the same fundamental principle. 
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I. Introduction 


HE field study of the characteristics 

of natural lightning on transmission 
systems, started some 15 years ago, has 
been carried on with continued persist- 
ence by various investigators up to the 
present time. On the American Gas 
and Electric Company 132-kv inter- 
connected system, investigation was 
started in 1927, and the results obtained 
have been reported in papers!—® before 
the Institute from time to time, the last 
appearing in 1937. This present paper 
presents largely the data obtained from 
the field work which we have carried on 
since that time on the above system in 
an attempt to learn more about the char- 
acteristics of natural lightning, par- 
ticularly lightning currents and rates of 
voltage rise, as they affect transmission 
lines and equipment. It includes field 
data for the past four years, combined 
in some cases with previous field data in 
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order to make the records complete and 
inclusive. 


II. Purpose and Scope of 
Investigation 


Without attempting to summarize the 
various phases of the lightning problem 
to which field research has been directed 
in past years, it is sufficient to state that 
the past four years’ work in our system 
has been confined to furthering informa- 
tion along the following general lines of 
attack: 


1. A study of the distribution of lightning 
currents in parts of the transmission system 
such as ground wires, line wires, towers, 
counterpoises, and ground rods. 


2. The effect of different methods and 
technique in grounding, such as with coun- 
terpoises and ground rods. 


3. Study of lightning voltage, magnitude 
and wave shapes appearing at stations, as 
an aid in co-ordination of station insulation 
and protection. 


Table |. Lightning-Measuring Instruments—Location—Number and Magnitude of Records 
Obtained on 132-Ky System—1933 to 1941 Inclusive 
Record Magnitude 
Instrument Number 
Ref. Instrument Location Years of Records Maximum Median* Minimum;{ 
ie ei Lower legs above ground:....6,163.01-... 99... <02 OOOO We rctecnce Dy UUs eusie aie 1,000 Amperes 
2b ower legs below ground...) 344006. Dooce vo. 1 PAO) S Sana ZAlOO weitere 1,000 Amperes 
3.... Lower-leg sections.......... One lctdehee CAD Agee 24° OOO isere ans CHAN Ss cunt 1,000 Amperes 
4....Tower-leg braces........... 180'. eter. PY SRE Recs GS 900 earner LZ DOr rcicts 700 Amperes 
Ore LOWELOALINSG «.,clchele se leie + Bucis oh ce LOL acorn do lanencee 260005 oe a 2, eUOn eee 1,000 Amperes 
6..%. Tower-arm braces. ......... 231 ci fumsele  (ASiernenec USO Sooo PANU e556 0 600 Amperes 
7....Tower lightning rods........ La Oats. orhtae AfAUste Sead 82,000 eine, OOO eieere rs 12,000 Amperes 
Srp CON Cer POISES eel. - oicietel eerie OSTA leas tet (OG2isve eistate 24,300...... A000 Sareisnic 200 Amperes 
9....Counterpoise tie between 
COWEeIslessiercetettsirecicieveetos iter AUB. aes TOS2OORererctee PANNA 55.6 200 Amperes 
10....Ground rods at towers....... LOO Tees) OL vcterente LU 900 cc tetas 3,000 5 aie aes 200 Amperes 
11 Ground wires at towers...... AID cietetatnel O4Olae steers TOOUNG o ater 5; 000K arate 1,000 Amperes 
12 Ground wires at stations..... BOS etic, OG aie sce Lie 700%, terete BD B00 s stce 1,000 Amperes 
13 Conds. at towers. 22.6... <3 ss QUA Seccs scam oO wenh ie 29, 000/n... «1 LSO0 Pere ect 1,000 Amperes 
14 Conds pat stationss sree casce HM Geta cen ace ey AUP, eee LL ZOO rere SOO er eect 1,000 Amperes 
15 Wave-slope indicator........ Ulsccccs GED a se 4 56 GOO Zerit AND 5%. G.0c 10 Kv per 
usec 
16....Surge-voltage recorder at 
Stations de..7. eu eeeensun verte LS ite BO eee 1G ORF cere 120 Kv 
PPotals i). ake cht etree OOD Otmc ter 4,158 


*50 per cent of records at or above this value 
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{Min. recording sensitivity of instruments. 
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Incidental to the main purpose of the 
work outlined above, there are other 
aspects of the lightning problem on which 
information has been made available from 
the field data. These will also be pre- 
sented and discussed as the data warrant. 


Ill. General Plan of Test. 
Procedure 


The general plan of obtaining informa- 
tion‘ outlined above was to install light- 
ning-measuring instruments such as surge- 
crest ammeters, surge-voltage recorders, 
and wave-slope indicators on some light- 
ning-infested parts of our 132-kv inter- 
connected system. The lines on which 
the major part of the data presented and 
discussed here were obtained are the 132- 
kv lines of the Appalachian Electric 
Power Company (Glenlyn-Roanoke), the 
Indiana and Michigan Electric Company 
(South Bend-Michigan City), The Ohio 
Power Company (Philo-Canton), and the 
Atlantic City Electric Company (Deep- 
water-Pleasantville). 


Instruments 


The surge crest ammeter!® using mag- 
netic links was used to determine light- 
ning currents. At stations the surge- 
voltage recorder!! was used for deter- 
mining lightning voltages and the wave- 
slope indicator rather extensively to 
determine the lightning-voltage rates of 
rise. 

The wave-slope indicator is based on 
the following theory, using the well known 
elements of the electric circuit q, 7, and e: 


q=ec= fidt 
cde=idt and de/dt=i/c 


Maximum 7 thus gives maximum de/dt. 
A wiring diagram of the instrument as 
used in service is shown in Figure 1A; 
and field installations in Figures 1B and 
Le: 

A typical field setup of magnetic links 
to determine lightning currents at various 
points on the transmission system is 


Paper 42-18, recommended by the AIEE committee 
on power transmission and distribution, for pres- 
entation at the AIEE winter convention, New 
York, N. Y., January 26-30, 1942. Manuscript 
submitted November 12, 1941; made available for 
printing December 5, 1941. 


I. W. Gross is electrical research engineer and 
G. D. Lippert is with the engineering department of 
American Gas and Electric Service Corporation, 
New York, N. Y. 


The field investigation work on which this Paper is 
based was undertaken and planned in co-operation 
with engineers of the General Electric Company, 
who furnished the instruments and aided in cor- 
relating the data. The authors acknowledge the 
assistance of the field organizations of the Appa- 
lachian Electric Power Company, The Ohio Power 
Company, Indiana and Michigan Electric Com- 
pany, and Atlantic City Electric Company, in 
installing and servicing the instruments in the field. 
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A. Schematic diagram of wave-slope indi- 
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shown in Figure 2. Therein is shown the 
‘approximate general location of instru- 
ments as used in the field. It is not to 
be interpreted that every tower under in- 
vestigation had all instruments shown, 
but where used, they were located as 
indicated in the figure. 
A concentration of instruments was 
made at several sections of the line where 
counterpoises (500 feet and continuous) 
were installed on the Glenlyn-Roanoke 
line, and also at some five substations 
to determine currents in line wires and 
ground wires, and the wave slope of in- 
coming voltages to which equipment in- 
stalled in the stations would be subjected. 
The data given and discussed below 
have been obtained from field records as 
indicated in Table I. Therein it is 
shown that some 8,955 instrument years 
have been involved during the nine years 
in this investigation and have produced 
a total of 4,158 records. The distribu- 
tion of these records among various parts 
of the tower structure, line wires, ground 
wires, counterpoises, and so forth, as well 
as maximum, minimum, and median 
values is clearly shown in the table. 
Throughout the investigation, all in- 
struments were serviced approximately 
once each two weeks to enable the best 
possible segregation of records without 
burdensome field servicing. In addition, 
instruments were frequently serviced 
after severe lightning storms which were 
known to have taken place in the general 
vicinity of the test stations. 


IV. Lightning Records and Data 


CURRENT MAGNITUDES 


Lightning-Stroke Current 

A determination of current in the light- 
ning stroke has been arrived at in four 
ways: 
1. By multiplying the current measured 
in one leg of a tower, where only single-leg 


measurements were attempted, by four 
(these towers have four legs). 
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B. Wave-slope indicator installed in weather- 
proof housing in the field 


Figure 1. Wave-slope indicator for deter- 
mining rates of voltage change 


2. By adding the separate currents meas- 


ured in all four legs of a tower. 


3. By direct measurement of the current in 
a lightning rod placed at the top of the 
tower. 


4. By adding the measured ground-wire 
currents flowing toward a stroke in mid- 
span. 


These data have been plotted in Figure 
3 as a magnitude-frequency curve. The 
measured tower-leg values have been in- 
creased by 50 per cent to account for the 
unmeasured cross-brace current, a pro- 
cedure previously justified. 

Comparing these data with those pre- 
viously published,® the range of indicated 
stroke currents is in substantial agree- 
ment. The maximum current here in- 
dicated is, however, 150,000 amperes by 
the single-leg-measurement method com- 
pared with the previously reported maxi- 
mum of 220,000 amperes by the method 
of adding adjacent tower currents. 
Direct measurement of current in the 
lightning rod showed a maximum of 
82,000 amperes and measurement in 
ground wires 110,000 amperes. As both 
of these methods of measurement resulted 
in partially saturated links at high cur- 
rents, it is believed the maximum stroke 
current is slightly higher than the above 
110,000 but not much in excess of 130,000 
amperes, which in turn is only slightly 
higher than the current measured in a 
single tower. 

It is rather interesting to note that the 
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C. Two wave-slope indicators installed on 

the Roanoke—Reusens line near base of steel 

structure which carries two 132-kv coupling 
capacitors for communication service 


method of measuring currents in one 
tower leg and multiplying by four gives 
results quite comparable to the other 
methods except that it does show a 
slightly higher maximum current. 


Ground-Wire Currents 


Measurements of ground-wire cur- 
rents were made in the line sections some 
distance out from the station, as well 
as at the first tower out from the station, 
and at the station itself. Some 700 
separate current records were obtained 
on ground wires, 643 being of sufficient 
magnitude and certainty to warrant 
analysis. 

Figure 4 shows the magnitude and 
frequency of these currents at the three 
locations (line, near station, and at 
station). In the line sections the maxi- 
mum current was 70,000 amperes; at 
the first tower from a station, 36,000 
amperes, and on the ground wire coming 
into the station, 12,000 amperes. Where 
measurements were made directly at the 
station, they were in all cases on one of 
three fanned-out ground wires extending 
from the station to the first tower, where 
single ground-wire construction over the 
line started. 

That the single-ground-wire and three- 
ground-wire current curves (Figure 4) 
cross at approximately 7,500 amperes has 
no significance and is caused by the fact 
that the data do not attempt to indicate 
simultaneous current records on the 
ground wires, but rather the general 
magnitude and distribution which may be 


TRANSACTIONS 179 


a 28-2 
LIGHTNING ROD 


GROUND WIRE 


EAN 

Phi 
eairg CONDUCTOR 

TN 

a 

ZI 

VW 


vA i! 


i pr} 


| | ij GROUND ROD 
il 


i 
1 
1 Netliee 
! ! Vt il 
' 
1 
Hl 
' 


’ 
i) 
gp ' iv } 
as 
' 


Indicates Surge Crest 
Ke Ammeter Installation 


Figure 2. Schematic diagram of tower showing 
‘location of magnetic links on various parts of 
the tower and conductors 


expected where this type of ground-wire 
construction is employed near a station. 


Lightning Currents in Line Wires 


The determination of currents in line 
wires was undertaken for two reasons: 


1. Inan attempt to correlate the lightning 
currents and surge impedance of the line 
with the lightning voltage expected with 
such currents. 


2. To determine the magnitude of light- 
ning currents which might enter a station 
from the line and would have to be handled 
by the protective devices. 


Over 300 records in line conductors 
have been obtained, 154 measured at the 
station and 172 on line towers some dis- 
tance away. The magnitude and fre- 
quency of these currents are shown in 
Figure 5. The maximum current out on 
the line is 29,000 amperes and at the 


Table A 


Corresponding Ky 


Amperes of Line Wire 
10% of 10% of 
Instrument Maxi- Valuesat Maxi- Valuesat 
Location mum or Above mum _ or Above 


On the line. .29,000. . .6,500. . .11,600. . .2,400 
At stations. .11,500. . .3,000... 6,600. . .1,200 
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% AT OR ABOVE ORDINATE 
Figure 3. Lightning-stroke currents 


frequency determined as 
follows: 


Magnitude and 


|. Summation of ground-wire currents—51 
records 
ll. Total tower current by multiplying single- 
leg readings by four—104 tower records 
Ill. Total tower current by addition of four- 
leg currents—142 tower records 
|V. Currents measured directly in tower-top 
lightning rods—52 records 


station 11,500 amperes. Ten per cent 
of the measured currents are 6,500 am- 
peres or less at the line towers and 3,000 
or less at the station. 

If it is assumed that these measured 
lightning currents can be simply multi- 
plied by the line-surge impedance (taken 
as 400 ohms), to obtain the conductor 
voltage, then the voltages of the line 
conductors would be as shown in Table 
A. 

The line-current data, analyzed as 
above, give indicated conductor voltages 
which seem rather fantastic under the 
conditions of operation. The magnitude 
of currents in the line conductors at 
stations, however, correlates quite closely 
with the measured currents in lightning 
arresters as has been reported pre- 
viously. !? 


Currents in Towers, Counterpoises and 
Ground Rods 


Currents in counterpoises as measured 
at the point where they attach to tower 
legs were measured in five different types 
or lengths of counterpoises, namely, 40, 
150, 250, 500 feet, and continuous. The 
continuous counterpoises were installed 
between towers where the tower spacing 
was approximately 1,500 feet or less. 
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Figure 4. Lightning currents in overhead 


ground wires 


|. At line towers—591 records 

\l. Currents in one of three ground wires 

between station and first tower out—30 
records 

lll. In single ground wire on the line side 

of the first tower from station—22 records 


The counterpoise currents recorded on 
the above basis are shown graphically 
in Figure 6, from which it will be noted 
that the currents carried by the counter- 
poise increase with length, although not in 
direct proportion to the length. The 
most searching type of test would, of 
course, be one where all these counter- 
poises of various lengths were attached to 
the same tower and therefore affected 
by the same stroke current, but since a 
setup of this kind was not practical, the 
comparison of data has been made on 
actual measured currents. This method 
does not evaluate the variation of stroke | 
current which initiates current in the 
counterpoise. However, since the data 
cover some eight years of field tests, the 
varying magnitude of stroke currents 
has probably been averaged out to some 
extent so that the data given indicate to 
a large degree the relative benefits of the 
counterpoise length. 

Comparative data on a selected group 
of towers where 500-foot and continuous 
counterpoises were installed, and, in ad- 
dition, tie connections between the four 
tower legs, are given in Figure 7. The 
tower currents have been obtained by 
four-leg readings increased by 50 per 
cent for the shunting effect of tower 
bracing, and show a maximum of 79,000 
amperes. The 500-foot and continuous 
counterpoises show maximum currents 
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Figure 5. Lightning currents in conductors 


|. Conductor currents at line towers—172 
records 
Il. Conductor currents at station entrance— 
154 records 


and frequency distribution of approxi- 
mately the same magnitude. This would 
be expected if the continuous counter- 
poise can be considered as effective only 
for about half the span (or 400 to 750 
feet). In fact, the agreement of curves 
III and IV seems to indicate that in- 


creasing the counterpoise much beyond- 


500 feet is not particularly effective. 
One important feature brought out by 
these data is the records of currents ob- 
tained in the buried ground or counter- 
poise wire which ties the four tower legs 
together at the base of the tower. This 
connection consisted of a '/js-inch by 2- 
inch flat iron strap buried 18 inches in 
the ground and extending around the base 
of the tower, as shown in the sketch of 
Figure 2. The current carried by these 
tie connections is shown in curve V of 
Figure 7, a maximum of 10,200 amperes 
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Figure 6. Lightning currents in counterpoises 


Measured at point of junction to tower leg 
|. In continuous counterpoises—22 records 
ll. In 500-foot counterpoises—23 records 
Ill. In 150-foot counterpoises—79 records 
IV. In 250-foot counterpoises—22 records 
V. In 40-foot counterpoises—67 records 


being indicated. While it might seem, 
in tying a counterpoise direct to one leg 
of a conventional four-leg tower, that the 
tower cross bracing would be effective in 
quickly distributing the lightning cur- 
rents to the other legs of the tower, such 
does not seem to be the case (see also 
Figure 11). Itis strongly indicated that, 
where counterpoises are used, means 
should be taken to make direct under- 
ground connections to all tower legs to 
obtain the maximum benefits from an 
even, uniform, and quick distribution of 
current to the various tower structural 
members. 

A comparison of tower and counter- 
poise currents with 40-foot and 150-foot 
counterpoises attached is shown in 
Figure 8. Here, the benefits of a number 
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THOUSANDS OF AMPERES 


C,R CONTINUOUS IN SPANS 
LESS THAN 1500 FT, 


C.P, 500 FT. IN SPANS 
ABOVE 1500 FT, 


% AT OR ABOVE ORDINATE 


Figure 7. Lightning currents in towers and 
counterpoises 


|. Total tower currents—15 records 
Il. Summation of currents in counterpoises 
both sides of tower—15 records 
Ill. In single 500-foot counterpoises—14 
records 
IV. In single countinuous counterpoises—16 
records 
V. In buried cross-tie connections between 
tower legs at towers—40 records 


of short counterpoises are indicated as 
compared with using the same length of 
buried wire as a single counterpoise. 
Taking the median values in Figure 8, 
80 feet of counterpoise in two short sec- 
tions carry 5,000 amperes, and 300 feet 
of the 150-foot counterpoise in two sec- 
tions, 17,000 amperes, or 3.8 times the 
length, carry: 3.2 times the current. 
When comparing maximum currents, 
the results show still greater efficiency 
for the short counterpoise. Again com- 
paring median values for the 40-foot 
counterpoise (Figure 8) with the 500- 
foot counterpoises of Figure 7, the ratio 
of increase in length is 5.9, and the ratio 
of currents 2, thus indicating consider- 
ably less effectiveness with the single 
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* Dashes (—) in table indicate no installation of equipment nor measuring devices to obtain records. in the tower such as in braces, arms, 
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218-8 


THOUSANDS OF AMPERES 


(e) 20 40 60 80 100 
% AT OR ABOVE ORDINATE 

Figure 8. Lightning currents in towers and 
radial counterpoises—42 records 


|. Total current in tower including legs and 
braces 

Il. Total current in two 40- and two 150-foot 

counterpoises 

Ill. Total current in two 150-foot counter- 
poises 

IV. Total current in two 40-foot counter- 
poises 


hanger bars, and so on. Some data on 
this question are given in Figure 9 where 
maximum currents in tower arms are 
shown as 26,000 amperes and the median 
currents in this structural member from 
2,000 to 3,500 amperes. Detailed analy- 
sis of the records shows that most of 
these currents, except possibly the high- 
est, are leg currents shunted by the 
bracing members. 


LIGHTNING VOLTAGES AT STATIONS 
Magnitudes 


In an attempt to correlate lightning 
effects at stations, surge recorders were 
located on the three phases at three 132- 
ky stations and recorded the station bus 
voltages to ground. Lightning currents 
on the lines and through station lightning 
arresters were also recorded. A summary 
of ten records correlating this information 
is given in Table II. It will be noted 
that the highest station voltage recorded 
was 525 kv, the lowest in this group 224 
ky, and the average value 334 kv. At 
~ all of these stations, arresters having a 
yap breakdown and JR discharge at 3,000 
amperes of approximately 388 kv and 
346 kv were installed. 

It will be noted that correlation be- 
tween recorded bus voltage and arrester 
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THOUSANDS OF AMPERES 


7% AT OR ABOVE ORDINATE 


Figure 9. Lightning currents in tower structural 
members 


|. In arms where line flashover occurred— 
113 records 

ll. In arm braces—48 records 

Ill. In all arms—353 records 

IV. In tower arms without line flashover— 
240 records 


characteristics for the current measured 
is rather good, thus indicating, not only 
that the arresters are affording protec- 
tion, but also that they are operating 
with their expected performance char- 
acteristics. 

In this table are also shown the 
maximum recorded incoming lightning 
currents on the line wires. An attempt, 
however, to use line-surge impedance 
and current, say 3,000 amperes by 400 
ohms, to determine the bus voltage in- 
dicates 1,200 kv which requires some 
further study or interpretation to prop- 
erly correlate with other records. 

Using the recorded bus voltage and 
line currents in an attempt to determine 
the line-surge impedance, an equivalent 
value is given in the seventh column of 
Table II, ranging from 112 to 236 ohms, 
with an average of approximately 150 
ohms. 


Rates of Voltage Rise 

The wave-slope indicator used at 26 
locations, and coupled to the 132-kv 
telephone and relay capacitors, in five 
different 132-kv stations yielded records 
of some 492 separate voltage occurrences 
from which the rate of rise of voltage 
at the station was determined. The data 
are summarized in Figure 10. The five 
separate curves shown are based on the 
rate of voltage rise determined by the 
individual calibration of magnetic links 
in the first five positions of the wave- 
slope indicator (see Figure 1). 
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KILOVOLTS PER MICROSECOND 


7%, AT OR ABOVE ORDINATE 
Figure 10. Rate of voltage change at stations 


Measured at station entrance 
|. Pure lightning surges (link 5)—45 records 
Il. Determinations from link 4—267 records 
Ill. Determination from link 3—434 records 
\V. Determinations from link 2—492 records 
V. Determinations from link 1—41 records 
Records from links 1 to 4 inclusive include 
lightning and switching surge voltages 


After the first records were obtained 
from this test setup, it was believed that 
some of the results were affected by 
switching surges. A field check verified 
this point, and it should, therefore, be 
pointed out that links 1, 2, 3, and 4 are 
affected by switching surges so that the 
data presented from link readings 1 to 4 
inclusive are a combination of charac- 
teristics of lightning and switching-surge 
voltages. The data from link 5, however, 
appear to be confined solely to lightning- 
voltage surges entering the station and, 
therefore, may be taken as indicative of 
lightning voltages only, coming in from 
the transmission lines. 

It will be noted that the maximum 
rate of rise of pure lightning surges is 
600 kv per microsecond, the minimum 
60 kv per microsecond, and the median 
or 50 per cent value approximately 200 
kv per microsecond. While these data 
in Figure 5 were obtained from only 45 
records, it is believed they are the first 
of their kind giving any actually meas- 
ured rates of lightning-voltage rise at 
the stations where protective devices are 
used extensively to protect the station 
equipment. It is worth-while in passing 
to note that the recorded rates of light- 
ning-voltage rise are somewhat less than 
the generally accepted 1,000 kv per 
microsecond on which some present-day 
test work is often predicated. 

The rates of voltage rise for switching 
surges are considerably lower than for 
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a? 
voltages and show a maximum 


kv per microsecond, a minimum 


Discussion of Special Cases 


Having obtained some 4,000 individual 
records of lightning currents and volt: 
ages, it has been impossible to present 
each one separately and discuss it. For 
this reason, most of the data already 
presented here have been in curve form, 
showing the magnitude and frequency of 
currents which, in many cases, of course, 
“have not been simultaneously recorded 
with the other correlated data presented. 
it is, therefore, of interest to discuss a 
few special cases where readings were 
obtained simultaneously in various parts 
“of the circuit considered. 


CURRENTS IN COUNTERPOISES, GROUND 
Rops, AND TOWER LEGS 


In Table III are presented the simul- 
taneous readings recorded in counter- 
poise, ground-rod, and single-tower leg. 
An attempt has been made to show the 
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comparative value of these three ele- 
ments in carrying lightning current. The 
resistances recorded were measured with 
the customary d-c ground-measuring in- 
strument. (The tower-leg resistance was 
taken as four times the measured ground 
resistance of the four-leg tower.) If 
these three elements are equally effective 
in carrying current, there should be re- 
corded in each a current in exact propor- 
tion to its conductivity. The last column 
of the table showing the ratio of current 
to conductance shows the deviation from 
this law. It will be noted that the 
counterpoise carries an average current 
74.5 per cent of that expected, and 
deviations from this value in the four 
cases are not great. The ground rod is 
very much more erratic, carrying current 


Figure 11. Typical record of lightning strokes 

to overhead ground wire on 132-kv Glenlyn— 

Roanoke line showing distribution of light- 

ning currents in grounded structure, counter- 
poises, and in line conductors 


Note that two strokes have occurred; one to 
the ground wire in mid-span, and one to an 
adjacent tower 


ranging from 15.6 per cent to 180 per cent 
of the value based on conductivity alone. 
This, however, may be accounted for by 
the lower value being recorded in a 10- 
foot rod, and the higher value in a 60-foot 
rod where the earth was not so much af- 
fected by the presence of the counterpoise. 

In the case of tower legs, omitting the 
two extreme values of 6.10 and 0.76, 
the general average is approximately 2.25 
times that expected. 

The general conclusion to be drawn 
from these data appears to be that the 
tower leg on account of the large extent 
of its exposure to ground is much more 
effective in carrying lightning current 
than either the ground rod or the counter- 
poise. Further, it appears that a counter- 
poise of 250-foot length, at least, does not 
carry current in proportion to its con- 
ductivity. This is completely in accord 
with past observations and theory, which 
indicate that when the counterpoise 
much exceeds 200 feet or so, its effective- 
ness does not increase anywhere near 
in direct proportion to length. 
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CURRENTS IN TOWERS, GROUND WIRES, 
LINE WIRES, AND COUNTERPOISES 


A typical case of a severe lightning 
stroke to the overhead ground wire be- 
tween towers, and involving a stroke of 
smaller magnitude to an adjacent tower, 
is shown in Figure 11. The lightning- 
stroke current has been determined as 
97,000 amperes from the sum of the two 
ground-wire currents. This is a par- 
ticularly interesting stroke as it shows 
currents in the ground-wire on one side 
of the stroke of 69,500 amperes and on 
the other side of 27,700 amperes. As- 
suming that the smaller stroke to tower 
69R occurred after that to 68R, the 
69,500 amperes in the ground wire might 
be approximately half the total stroke 
current, indicated above as 97,000 am- 
peres, or in other words, the stroke cur- 
rent might have been twice 69,500 or 
139,000 amperes. The smaller ground- 
wire current of 27,700 amperes from tower 
69R may be accounted for by the demag- 
netizing effect of ground-wire current 
flowing into the stroke at tower 69R. 
This sequence of events seems to be 
borne out by the reversal of current shown 
in the counterpoise. 

Another interesting point shown by 
this record is the transfer of high current 
between buried counterpoises between 
tower legs. A current of 10,200 amperes 
is shown flowing from one counterpoise 


tower leg to one non-counterpoise leg. 
So far as currents in adjacent towers are 
concerned, these seem to indicate that, in 
this case at least, the stroke current was 
drawn through only the tower structures 
quite local to the point of the stroke. 

This record also shows the current in 
the line wires of some 2,000 to 8,500 
amperes. If this is analyzed on the basis 
of line-surge impedance, extremely high 
voltage on the line conductors are in- 
dicated. The fact that protector tube 
operations occurred at the four towers 
further confirms the high voltage occur- 
ring at these consecutive towers. As a 
matter of fact, tube operation occurred 
in this case at six consecutive towers. 

Other strokes to the ground wire similar 
to the above have been observed showing 
the same general trend as discussed in the 
typical case given. 


VI. Summary and Conclusions 

Based on the data obtained during the 
past four years in combination with other 
similar data, much of which has already 
been published, the following conclusions 
seem to be warranted: 


1. Lightning-stroke currents rarely ex- 
ceed some 150,000 amperes. It is believed 
that the method of adding adjacent tower 
currents (which in the past has indicated 
stroke currents as high as 220,000 am- 


Table Ill. Division of Lightning Currents Between Counterpoises, Ground Rods, and Tower 
Legs 
Ratio of 
Per Cent 
Current 
Tower and Per Cent to Per 
Leg Length Resistance Measured Conduc- Cent 
Structure Number (Feet) (Ohms) Amperes tivity Current Conductivity 
Case 1 
Counterpoise Wee Sakae 1d. 7,800 5 wai PONS Ont Ok G4. Dien hien 0.78 
Ground rod DO HF oS sane COP HDS ont 200 saree bE We geet PLUS eacsern 1.80 
Tower leg below ground ( LO Fs erent 200 cae sy HE AUOE. 6 6g mvc GS een. 15 aol 
Case 2 
Counterpoise 2DO) ee ain LA ce renee 3,000 inns GOED Avs nr Dh Vek ies 0.73 
Ground rod mene ae Rie eine 1 LOlearctcat TOO Feeres.. 200 eer QO) Bice as aun Binet 5k One 
Tower leg below ground Ne eee BS gross dees 3000. cures BO ie hes 46 a12e2e 
Case 3 
Counterpoise DOO Anat yO canes ahs 5,100. (ROE Oy ae BS: Die Meera 0.72 
Ground rod seh LOO ete 1 BO yteavese-s DD nue 3,300. 26y2ee cwOeO sere e 1.08 
Tower leg below ground 10* ASF. cre iat 37300 ieeinen 12.8.. ADS Zidaveie eke 2.20 
Case 4 
Counterpoise \ 27-2 { DOO salen 1 pr OO D4 Ie Sahat CONOR eset 0.74 
Tower leg below ground } “*~ oF ay 10a 200.. 3,000 zee 4.9 BO aster tee 621 
Case 5 
Ground rod ie 27-1 { 53 OSanrcniey: 3,900 .85.0 meted olan A ond 0.82 
Tower leg below ground $ "°°" 7" (CeO ESerae 200 ae 1,800. els Olea rcdarne car 2 
Case 6 
Ground rod } 60 35. GOO cv, at athe O) 81.0 1.09 
Tower leg below ground)‘; °°" LdO* et 200)." ee 1,800 25,0... 19,000 0076 
Average 
COUN TERD O1S@ erm oe te niin rss ete ee Se a)ere © ssh OLE Th ene ee 
Groundsrod crea. G) iets ents ates eis Sore seh ee tc wate ve inl Mee nt lie ee ne ee 06 
slowerslecvear tnt t tare ents i, Sok, Samet. Skee ey een cna! nik ee 3.00t 
*Approximate. 2.25 is probably a better average on account of the high 6.1 value in case 4. 
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peres) to determine the stroke current gives 
results which are probably too high. 


2. A total tower current of 150,000 am- 
peres has been indicated as a maximum with 
10 per cent above 80,000 amperes. This 
compares with previous data® of 100,000 
amperes and 45,000 amperes respectively. 


3. The maximum benefits of counter- 
poises are obtained with several short ones 
rather than by using the same total length 
in a single counterpoise. 


4. To aid in the transfer of current from 
the counterpoise to tower legs, the bonding 
of tower legs together near the ground line 
(in addition to relying solely on the struc- 
tural bracing of the tower) seems advisable 
(see Figure 11). 


5. Currents circulating in the tower mem- 
bers such as crossarms, hanger bars, and 
so on, are comparatively small in each 
member and are the result of shunting cur- 
rent out of the main tower-leg path. 


6. The current shunted from the tower 
legs by the bracing members in the con- 
ventional four-leg tower has been shown to 
average about 50 per cent of the measured 
tower-leg current. (Detailed data not pre- 
sented here.) 


7. Based on the measured d-c resistance, 
the counterpoise is less effective in carrying 
current than the normal tower leg in the 
ratio of approximately 1 to 3. The ground 
rod, on the average, carried more than its 
proportionate share of current, with the 
tendency for deep driven rods to be slightly 
more effective than shorter ones. The data, 
however, are too limited for one to draw 
this as a definite conclusion. ‘ 


8. The correlation of measured conductor 
currents with probable line-surge impedance 
gives indicated conductor voltages which 
appear highly questionable. This situa- 
tion appears not only on the line proper 
but also adjacent to stations. 


9. Currents measured in line conductors 
at stations are of the same general order as 
currents which have previously been re- 
ported!? as measured in lightning arresters, 
thus tending to indicate that protective 
equipment at the station is not subjected to 
high lightning currents unless by direct 
stroke. 


10. Inno case has there been an apparent 
direct stroke to any of the five stations in- 
volved in this investigation. 


11. The maximum rate of measured volt- 
age rise of lightning surges measured at the 
entrance to a station was 600 kv per micro- 
second with a median value of 200 kv per 
microsecond. Ten per cent of the records 
showed over 800 kv per microsecond. 
While it might seem that voltages of 1,000 
kv per microsecond are not prevalent, it 
should be pointed out that the records ob- 
tained cover only three years of investiga- 
tion work, were taken at only five stations, 


and were not measured at the equipment 


terminals within the station. 
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Synopsis: The expansion of trolley coach 
operation to include 50 transit systems in the 
United States and Canada has been greatly 
helped by the progress made in the develop- 
ment of overhead distribution materials. 
Beginning with the installation of the first 
transit-type trolley coaches in Salt Lake 
City in 1928, the inadequacy and limitations 
of the earlier designs of equipment were 


recognized. Since 1928 it has been neces- 
sary to add many new devices and redesign 


i ak 


many old devices to provide better relia- 
bility and permit of greater flexibility of 
operation. The development of trolley- 
coach overhead materials has been concen- 
trated mainly on 


Current collection 
Hangers and insulation 
Curve materials 


Turnouts and crossovers 


The improved current collection equip- 
ment incorporating the carbon-insert shoe 
has been responsible for the reduction of 
wear on fittings and trolley wire. The car- 
bon-insert shoe has also been responsible for 
the complete elimination of trolley-wire 
lubrication formerly required for the all- 
metallic shoe collector. 

Improvements in insulated hangers have 
resulted in a more dependable distribution 
System and have been responsible for the 
elimination of considerable secondary insu- 
lation formerly inserted in the supporting 
span wire between positive and negative 
trolley wires. 
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, rogress in Development of Trolley-Coach 
Overhead Reflected in Higher 
Service Standards 
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The curve segment, available in any de- 
gree, is replacing the conventional pull-over 
arrangement on all trolley-coach overhead 
systems. Today the conventional pull-over 
is only installed on curves used jointly by 
both street car and trolley coach. 

Special assemblies for turnouts and cross- 
overs are constructed with the same insu- 
lating units. These interchangeable units 
have been strengthened both mechanically 
and electrically to meet the severe service 
on heavy lines. Automatic electrical equip- 
ment has been developed for all classes of 
turnouts and has practically replaced the 
older types of manually operated devices. 

Today’s trolley-coach overhead is both 
mechanically and electrically stronger than 
the overhead available a few years ago. In 
combination with the carbon-insert shoe 
there is less fitting and trolley-wire wear, 
less dewirements, and less maintenance cost. 


VEHICLE propelled by electric en- 
ergy collected from a trolley-wire 
system has this advantage—that power 
is always available. It is not necessary 
to refill a tank or tender. Trolley-coach 
operation is of this type and is successful 
because the overhead distribution system 
is capable of delivering continuous power. 
As electrical engineers we are all inter- 
ested in electric transportation. The 
trolley-coach overhead distribution sys- 
tem is part of a $70,000,000 trolley-coach 
investment which, in turn, is part of the 
mass transportation systems on 50 prop- 
erties. These systems represent a total 
investment of $700,000,000. 


Problems of Operation and Design 


Primarily a trolley-coach overhead 
system differs from a street-car distribu- 
tion system in that there is no rail return. 
An aerial negative contact wire replaces 
the rail. The support and insulation of 
two aerial contact wires for operation with 
mobile current collectors presented several 
interesting problems. These include: 


1, The current collector, itself. Numerous 
single-pole and two-pole collection equip- 
ments have been built and tried on com- 
mercial trolley-coach routes. 


2. Building for operating speeds of 30 to 
40 miles per hour. At these speeds the 
trolley coach may be touring to one side 
of the trolley wires. 


3. Selecting a trolley wire and collector that 
would prevent excessive wear. Experience 
with street-car current collection demanded 
that the trolley wire last as long for trolley- 
coach operation as for street-car operation. 


4. Insulating the positive and negative 
trolley wires. At both crossovers and turn- 
outs the positive trolley wire crosses the 
negative trolley wire. 


5. Providing a touring range to permit of 
curb loading, also the passing of other ve- 
hicles in traffic., The trolley coach should 
tour over, at least, three traffic lanes. 


6. Automatically selecting the proper path 
at a turnout point. This necessitates the 
selection of either turnout or main line at 
the will of the operator, and the selection 
must be made without the operator leaving 
the coach. 


These problems were not solved on the 
first installation. Our present overhead 
system is the result of the development of 
20 years of experience. The pioneer sys- 
tems, such as those installed in Staten 
Island, Philadelphia, Baltimore, Toronto, 
Windsor, Rochester, and Petersburg, as 
well as in English cities, were very simple, 
but they were responsible for many im- 
portant developments and standards in 
use today. For example, the advantages 
possible with four trolley wires providing 
two-way operation rather than two trolley 
wires providing “‘single-track”’ operation, 
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were recognized during the early ’20’s. 
' Furthermore, considerable additional con- 
ductivity was made available for the 
carrying of electric energy. 

The selection of 2/0 and 3/0 trolley- 
wire sizes was made onthe early installa- 
tions, because the short life of 1/0 and the 
additional supporting structure necessary 
for 4/0 were recognized as economically 
unsound. As early as 1923 the American 
Transit Association selected a 24-inch 
spacing between positive and negative 
trolley wires and recommended a trolley- 
wire height of 18 feet above the street. 
These limitations are standard today. 
After considerable experimentation with 
a single-pole collector, two individual 
poles were finally accepted on the Staten 
Island property as the standard. The 
general method of insulating the positive 
from the negative contact wire, the length 
of insulation, and the location of the 
contact wires with respect to the curb 
line are other features developed 20 years 
ago which have helped to secure a well- 
standardized overhead design. 
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Figure 2. 


Figure 3. Standard 
of a pole structure, either wood, concrete, or steel, 
that supports four trolley wires with poles spaced 


Since 1928, when Salt Lake City in- 
stalled the first modern 40-passenger 
transit type of trolley coach, each new 
installation of trolley coaches has added 
some new features to the overhead sys- 
tem. These new features have dealt 
chiefly with the improvement and de- 
velopment of new devices, the dimen- 
sional standards and limitations having 
remained unchanged. Itis an interesting 
thought that without some of the early 
standards selected for trolley-coach over- 
head distribution design, we might have 
had as many different gauges between 
positive and negative trolley wire as the 
railroads had track gauges 75 years ago. 


Typical Distribution System 


The standard tangent distribution 
system consists of a pole structure either 
wood, concrete, or steel, which supports 
four trolley wires with the poles spaced 
at approximately 100-foot intervals. The 
trolley wires are attached to insulated 
hangers and clamps, and, in addition to 
the insulation placed in the supporting 
hangers, a secondary insulation, either 
porcelain or wood, is inserted in the span 
wire near the pole. The center line of 
one pair of trolley wires is usually located 
13 feet from the curb line thus permitting 
the trolley coach to load at the curb and 
to tour around double-parked vehicles. 


Figure 1. Early single-pole current collector equipped 


with tro!ley wheels, 1921 


Early two-pole collection equipment, 
Windsor, Ont., 1922 


tangent construction consists 


at approximately 100-foot intervals 
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Development of Collection 
Equipment 


Early collection equipment included a 
free-swiveling trolley base mounted on 
top of the coach, a long trolley pole, and a 
free-swiveling wheel harp for operation 
under the trolley wire. The trolley base 
was similar to that installed on street cars, 
the trolley pole was a lightweight alloy 
steel pole insulated from the trolley harp, 
and the harp itself was a wheel collector 
similar to an ordinary caster. With this 
combination the trolley coach could tour 
on either side of a pair of trolley wires, the 
limitation to the touring range being 
chiefly the length of the poles. This early 
assembly of equipment is similar to that 
employed today except that the wheel 
collector has been replaced with a shoe 
collector. Owing to the point bearing of 
the trolley wheel and to the swiveling ac- 
tion of the device, the wheel collector was 
subject to many dewirements when pass- 
ing through frogs and crossovers, and 
milling action of the spinning wheel on 
the trolley wire, particularly with the 


Figure 4. Early collection equipment in- 
cluded a free-swiveling harp equipped with a 
four-inch trolley wheel 


The harp was insulated from the steel trolley 
pole 


y 


Figure 5. Higher trolley-coach speeds were 
responsible for the development of the col- 
lector shoe 


This shoe is all-metallic. The harp is insulated 
from the trolley pole 
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Figure 6. Grooves 

wore in the early 

forged-steel and mal- 

leable-iron collector 
shoes 


These grooves were 

injurious to over- 

head equipment and 
trolley wire 


trolley coach touring off-center, was quite 
injurious. These facts were responsible 
for the development of the shoe. 

With the installation of the larger fleets 
of trolley coaches and the use of higher 
accelerations and higher speeds, the wheel 
collector was abandoned in favor of a shoe 
collector. The history of the develop- 
ment of the shoe collector is interesting. 
The first shoe collectors were all-metallic, 
either malleable iron or forged steel. The 
wearing of a groove in these collectors 
produced a cutting edge that was injuri- 
ous to trolley wire, particularly round 
trolley wire that was supported with a 
trolley ear encircling the wire. Soft-nosed 
or bronze-tipped shoes diminished this 
cutting action but did not prove entirely 
satisfactory. All of these metallic shoes 
required lubrication of the contact wires 
for the prevention of excessive wear to 
wire and fittings. Usually a graphite 
lubricant was applied with special roller- 
type lubricator attached to trolley poles 
mounted on a line truck or a service truck. 


Figure 8. This shoe collector widely used in 

the United States and England is equipped 

with a bronze holder in which is clamped a 
carbon insert 


Only the carbon insert contacts the trolley 
wire 


APRIL 1942, Vot. 61 


Figure 7. A lubrication truck equipped with 

two trolley poles and roller type of lubricator 

for spreading graphite lubricant on the trolley 
wires 


This lubricant was necessary with an all- 
metallic shoe 


Five years ago a collection shoe consist- 
ing of a solid piece of carbon permanently 
embedded in a bronze shoe was installed 
on a complete system. This was a real 
step in the right direction, but trolley- 
wire lubrication was still necessary since 
the bronze of the shoe continued to rub 
the wire. The final step was the develop- 
ment of a collecting shoe consisting of a 
bronze holder in which is clamped a car- 
bon insert that collects electric energy 
from the trolley wires and operates in a 
manner similar to a carbon brush on a 
commutator. This small carbon insert is 
replaced when it is worn to the allowable 
limit. Lubrication of trolley wire has 
been completely eliminated since the car- 
bon insert lubricates and burnishes the 
trolley wire. 


Effect of Shoes on 
Trolley-Wire Life 


When the metallic shoe was first intro- 
duced forcollection purposes, dewirements 
diminished, there was less arcing, and 
collector noise disappeared, but, on the 


Carbon insert installed in 
bronze holder 


Figure 9 (left). 


Figure 10 (right). Pregrooved carbon insert 
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Figure 11. A molded-insulation hanger with 
adjustable feature for alignment on sloping 
span wires 


other hand, the cutting effect of the 
groove worn in the metallic shoe, and the 
wear on trolley wire and fittings was 
greatly increased. 

This wear was controlled by the sub- 
stitution of grooved trolley wire for round 
trolley wire. All fittings were attached 
to the upper lobe of the grooved trolley 
wire, the lower lobe being free of attach- 
ments, thus presenting a smooth under- 
run to the collector. At this time it was 
estimated that the life of a 2/0 grooved 
trolley wire would be 500,000 bus passes. 
Actual experience showed figures as low as 
300,000 bus passes. At the present time 
the combination of a carbon-insert shoe 
operating on grooved trolley wire has in- 


creased 2/0 grooved-trolley-wire life to 


figures varying from two million to seven 
million bus passes. This is equivalent to 
saying that 2/0 grooved trolley wire 
might last on the average line from 20 to 
70 years. Most installations today are 
being equipped with 2/0 wire. The 3/0 
wire is selected only where conductivity 


Figure 12. The wood-stick hanger provides a 

longer leakage path than is possible with most 

of the hangers equipped with molded insula- 
tion 
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Figure 13. The usual conventional curve de- 

signed for street-railway work requires the 

frequent installation of pull-overs in order to 

align the trolley wire with the curvature of the 
track 


Figure 14. The segment is the equivalent of a 
large pull-over; however many 90-degree 
curves are built with either two 45-degree 
segments or three 30-degree segments 


demands. Bronze trolley wire, because 
of its greater life and ability to hold suffi- 
cient tension, so necessary for good opera- 
tion, is almost universally used. 


Trolley-Coach Hanger 


A trolley-coach hanger or insulator used 
for supporting the trolley wires has been 
developed for this class of two-wire sus- 
pension. The hanger carries sufficient in- 
sulation in itself to eliminate further sec- 
ondary insulation, with the exception of 
that placed in the span wires near the 
poles. However, in some instances a 
secondary insulator, usually a wood 
stick, is placed between the positive and 
negative hangers in the supporting span. 
Insulation in the hanger is usually a 
molded insulation of high dielectric and 
has sufficient resistivity to heat, moisture, 
and mechanical injury to permit of long 
life. Recently several installations have 
been made with a wood-stick hanger. 
This type of hanger provides a longer 
leakage path than is possible with the 
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Figure 15. Segments can be used for trolley- 

coach overhead since the collection equip- 

ment permits of touring either side of the trolley 
wires 


Figure 16. Long radius segments do not re- 
strict speeds 


Figure 17. Recent feeder span installations 
make use of the copper feed span for sup- 
porting the trolley wires 


Figure 18. A typical crossover showing a 
location of insulating units in one line; the 
other line is not insulated 


molded insulation hanger. Hangers are 
built with adjustability in order to prop- 
erly align the trolley clamps to prevent 
interference with the collecting shoes. 


Curve Segment 


The usual conventional curve designed 
for street-railway work requires the fre- 
quent installation of pull-overs in order 
to align the trolley wire of the street car 
with the curvature of the track. This 
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is necessary because of the type of rigid 
collection equipment normally used on 


street cars. In the case of the trolley 
coach, it is not necessary that the vehicle 
follow beneath the line of trolley wires 
since the swiveling action of both the 
trolley base and the harp permit off-center 
touring. With this equipment it is not 
imperative that a trolley wire follow any 
particular curve except that it must be 
within reach of the collection equipment. 

The conventional curve employing nu- 
merous pull-overs has been almost en- 
tirely replaced by segment construction 
where the trolley coach does not operate 
jointly beneath the same trolley wire as 
the street car. The segment is a large 
pull-over built to provide an easy means 
of aligning trolley wires over the path 
of the coach and, at the same time, to 
eliminate many fittings and cables for- 
merly used on the conventional street- 
railway curve. The segment is built with 
a comparatively large radius and, of 
course, connects the several chords on 
the curve. An adjustable feature reduces 
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the elimination 
oull-over wires and has 


onsiderably less labor 


frequency of feeder spans for 
ig either positive or negative con- 
vires to aerial feeders is dependent 
ectrical loads, cost of annealed 
wire occasioned by a trolley wire 
and the total cost of feed span 
lation. As a general rule feed spans 
for the same polarity are located at 800- 
ot ntervals. This means one negative 
feed span and one positive feed span in an 
‘foot section. Since tapping of the 
positive trolley wire requires good insula- 
tion in the feed span because of the close- 
ness of the negative contact wires, special 
equipment has been designed for making 
these taps. The most recent arrange- 
ment uses the copper feed span as a sup- 
porting span, direct taps being taken from 
the span to the trolley ear as illustrated 
in Figure 17. 


Special Work for Intersections 


At locations where one trolley-coach 
system crosses another trolley-coach 
system, or where a trolley-coach system 


crosses a street-car line, insulated cross- « 


overs must be installed. At locations 
where one trolley-coach line leaves an- 
other trolley-coach line, or where a street- 
car line leaves a trolley-coach line, spe- 
cial turnout equipment is required. In 
all cases the special equipment includes 
devices to which a trolley wire is attached. 
These devices may be for the purpose of 
crossing two lines or for the purpose of 
taking one line off another line. In any 
event, the design of these devices has 
been made so that the cross section of the 
runner pieces, metallic or insulated, is 
approximately equivalent to that of the 
trolley wire. This uniform cross section 
of trolley wire and fittings reduces bump- 
ing and scrubbing and consequent arcing 
by the collector and also prevents consid- 


erable damage and wear. To the trolley- 
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coach rider, it is important, because it is 
responsible for very quiet collection opera- 
tion. Even the trolley-wire splicer is at- 
tached to the upper lobe of the trolley 
wire itself, in such a manner that there is 
no obstruction to the passage of the col- 
lector. 

There are many types of crossovers 
and turnouts, most of which are con- 
structed with standard parts. For in- 
stance, in Figures 18 and 20, similar 
crossover pans have been used, and the 
same insulation unit occurs repeatedly. 
The tips for connecting the trolley wire 
to the devices are the same for the same 
size of wire. In the case of the turnout, 
the standard arrangement shown in 
Figure 19 is equivalent to that used on 
all turnouts, the frog pan itself being the 
only piece that is selected for some par- 
ticular type of operation. In these illus- 
trations the standard insulating unit, 
standard tips, and crossover pan may be 
seen. Of course it is understood that the 
degree of turnout may vary the degree of 
the crossover pan in either a crossover 
assembly or turnout assembly. 


Insulating Unit for Turnouts and 
Crossovers 


The insulating unit used in all crossover 
and turnout assemblies must withstand 
the ultimate mechanical loads of the 
largest sizes of bronze trolley wire. It 
must provide adequate insulation during 
the passage of a collection shoe from post- 


Figure 19. Typical turnout arrangement where 
one trolley-coach line joins another trolley- 
coach line 


Fiber insulation formerly used 
between positive and nege- 
tive wires is shown in this view. 
Fiber has now been replaced 
with a phenolic insulation 
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Figure 20. An electrically operated frog 
installed immediately ahead of a segment 


tive to negative wires and must with- 
stand the repeated arcing caused by the 
breaking of electrical loads. Structur- 
ally, this unit consists of two phenolic 
tubes, a tension member, and a compres- 
sion member. The compression member 
is constructed of insulation only, while 
the tension member is reinforced with a 
steel core, properly insulated at the ends, 
that enables the assembled unit to with- 
stand all mechanical loads transmitted 
by overhead trolley wires. The unit pro- 
vides 12 inches of clear insulation be- 
tween metallic sections, this distance be- 
ing adequate to prevent the ‘‘carry-over”’ 
of the 600-volt arcs. 


Types of Turnouts 


Again looking at the standard turnout, 
a set of ordinary cast trailing frog pans 
will permit a trolley coach to ‘“‘trail 
through” this arrangement from either 
the main line or the turnout, no additional 
guiding of the swiveling shoe being neces- 
sary. If the direction of operation is re- 
versed, it can be readily seen that further 
guidance of the shoe is imperative, other- 
wise the shoe may either enter the 
straight line or the turnout path. Where 
the trolley coach enters a frog assembly 
of this type, the shoe must be guided. 

One type of turnout where the shoe is 
guided to one path only, is equipped with 
a spring frog similar to a spring track 
switch. If the frog is set for the turnout 
at all times, the shoe will enter and take 
the turnout at all times. With the spring 
arrangement it is possible to trail from 
either the main line or the turnout, the 
same as a rail car trails through the spring 
track switch. 

The movable runner of this frog, as well 
as all electrically operated frogs, is of the 
“double-tongue” type. A shoe collector 
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Figure 21. 


passing through the frog, either over the 
turnout or over the main line, will travel 
over one of the runners. Smooth opera- 
tion of the shoe is accomplished in this 
way. 

There are numerous locations where one 
trolley-coach line branches away from 
another line. At these locations it is 
necessary for the operator to select 
either the main line route or the turnout 
route. At these locations electrically 
operated frogs are usually installed, al- 
though in some minor cases, frogs op- 
erated with pull ropes have been used. 

The electrically operated frog is of two 
types, the ‘‘power-on—power-off” and 
the Selectric type. In the former type 
the path at the point of turnout is selected 
by the operator of the coach by either 
coasting through the device (power-off) 
or by taking power (power-on) to actuate 
the solenoid-operated frog. In this as- 
sembly the frog pan is insulated from the 
trolley wire. It is, however, electrically 
connected to the trolley wire through a 
solenoid which operates the frog runners. 
If a coach passes through this section 
with the ‘‘power off,” the runner remains 
in the main-line position. If, however, 
the coach passes through this section with 
the “power on,” current passing through 
the solenoid actuates the frog runner and 
sets it to the turnout position. Many 
modifications of this type of frog are in 
use; however in principle they are similar 
to this one. 

The other type of electric frog depends 


JUMPER 
DIRECTION OF TRAVEL 
ooo 


Figure 22. Wiring diagram of a ‘‘power-on— 
power-off” electric frog 
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This frog is operated by the two 


tactors at the same time. In 
this view one collector is lo- 
cated ahead of the other; 
therefore, the two contactors 
could only be simultaneously 
touched when a trolley coach 
is turning into a side street. 
When the trolley coach is 
taking a turnout, one collector 
will lead the other collector 


Location of contactors on trolley wires in front of Selectric frog 


upon the angularity of the trolley-coach 
body with the trolley-coach wires. The 
electrically operated frog used with this 
combination is also equipped with only 
one solenoid; however, it is also equipped 
with a mechanical reset. The solenoid 
actuates the frog runner, and after a col- 
lector passes through the frog, it strikes 
a trigger and resets the frog to its original 
position. 

Two contactors, one on each trolley 
wire, are located ahead of the frog. If 
the two contactors are placed abreast, and 
a trolley coach is continuing over the 
main line, the collector shoes will be 
abreast and will strike the two contactors 
simultaneously. Since these contactors 
are a part of a circuit to the coil, the frog 
runner is actuated as the shoes pass be- 
neath them. After the collection shoe 
has passed through the frog, it strikes a 
mechanical resetting device and throws 
the frog runner back to its initial position, 
which in this case would be for the turn- 
out. If the coach is to take the turnout, 
one trolley shoe will lead the other; 
therefore the shoes cannot strike the two 
contactors simultaneously and complete 
a circuit to the solenoid. If the trolley 
coach is taking a turnout there will be no 
movement of the frog runner, and since 
the reset position of the runner is for the 
turnout, the action is positive. 

Other variations of this type of electric 
frog are in use, the variations being due 
chiefly to the locations of contactors. 
In addition to these variations, frequent 
installations of one half of an electric 
frog are used where a street-car line either 
enters or leaves the trolley-coach over- 
head system. 

At the present time, an intersection as- 
sembly, turnout or crossover, is ordered 


Figure 23. Cut section of the 
phenolic insulating unit used in 
crossover and frog assemblies 
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collectors touching the con-- 


and shipped as a unit. Previously, the 
transportation company selected and 
erected a multitude of small devices, but 


7 
7 
j 


the confusion caused by this procedure — 


resulted in an effort by all manufacturers 
to simplify the selection of the proper 
assemblies for an installation. Unit as- 
semblies are easily identified. 


Research an Important Factor 


The design and development of trolley- 


coach overhead required many laboratory _ 


and field tests of materials and assemblies. 
Impregnated wood beams were first used 


jn crossover assemblies to furnish both ~ 


mechanical strength and insulation be- 
tween positive and negative wires. Par- 
tially because of bulkiness and weight, 
but chiefly because of occasional me- 
chanical failures, the wood beam was re- 
placed with a fiber beam. Fiber fur- 
nished sufficient insulation for the 600- 
volt system and provided ample strength, 
but fiber has one inherent feature that was 
responsible for the discontinuance of its 
use. Fiber beams warp. As a comnse- 
quence, a straight, smooth underrun was 
difficult to secure. Variations in mois- 
ture even produced warping in stock bins 
before the devices were shipped. The 
present tubular, phenolic members of an 
insulating unit do not warp, have good 
mechanical strength, and furnish excel- 
lent insulating qualities over a period of 
years. Many service tests were neces- 
sary during the development of this in- 
sulation. 

Life tests on the insulation included re- 
peated collector passages over the runners 
to determine the deteriorating effect of 
the arc. An insulating unit is tested with 
a shoe passing under it at speeds corre- 
sponding to the speeds of trolley-coach 
operation in the street. The life of the 
unit is determined for various values of 
current at 600 volts. These tests are re- 
sponsible for the selection of the general 
design as well as the selection of materials 
that will withstand constant arcing. It 
is to be remembered that the auxiliary 
load of a trolley coach for lights, heaters, 
and compressor will reach 70 amperes, 
and this load must be broken at an insu- 
lator even when the traction load is cut 
off, 

The development of the current collec- 
tion equipment has continued for many 
years. The first carbon inserts used in 
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dry weather and wet weather, is consid- 
erably over 1,000 miles, and it required 
: years to secure this mileage. Be- 
cause of the research conducted by the 
London Passenger Transport, the present 
development of the carbon-insert collec- 
‘tor was no doubt hastened. Similar 
experiments were carried out in London 
and in this country. The exchange of 
data was very helpful in expediting the 
production of a satisfactory collector. 
_ The usual problems with lightning and 
radio interference were ‘encountered, and 
satisfactory modifications and improve- 
ments were developed to provide the de- 
gree of reliability demanded for city 
transportation service. Today, radio 
complaints are few and there is no record 
of damage to the traction motors due to 
lightning. 


Reduction in Weight 


The weight of the overhead system has 
always been a problem. A one-pound 
weight in the overhead system produces 
from five to eight pounds side load on the 
supporting structure, either pole or build- 
ing. The reduction of weight in the over- 
head system reduces the side loads on 
the structures and, as a consequence, the 
cost of the system. Substituting 2/0 
grooved trolley wire for 3/0 grooved 
trolley wire has reduced the weight 20 
percent. The weight of overhead fittings 
has been reduced 35 per cent since 1934. 
This weight reduction has permitted the 
use of many street-car poles that formerly 
supported two trolley wires. Now they 
support four trolley wires. 


The Picture of Trolley-Coach 
Operation Today 


In addition to the study and develop- 
ment of fittings for overhead design, each 
new trolley-coach installation has re- 
quired a field study, a study of the appli- 
cation of the materials. Today, trolley 
coaches are operating in every climate, 
almost in every country. They operate 
at speeds up to 45 miles per hour, accel- 
erate at four miles per hour per second, 
collect currents as high as 400 amperes, 
climb 13 per cent grades, run through 
subways, through congested streets, and 
over country highways. They do this 
quietly, swiftly, efficiently, under the over- 
head distribution system just described. 
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The Electrical Strength of Nitrogen and 


Freon Under Pressure 


H. H. SKILLING 


MEMBER AIEE 


Synopsis: Results are given of an investiga- 
tion of the electric strength of nitrogen, of 
dichlorodifluoromethane (Freon F-12), and 
of mixtures of these gases. Sparking volt- 
ages are presented as measured between 
spherical electrodes of brass and aluminum 
and between pointed electrodes of brass, at 
various spacings, and in gas at pressures 
ranging from one to several atmospheres. 
All measurements are for 60-cycle applied 
voltage. Dichlorodifluoromethane is found 
to withstand much higher voltages than 
either air or nitrogen; this advantage is 
more marked between points than between 
spheres, which suggests its use in certain 
types of insulation applications. A small 
percentage of dichlorodifluoromethane gas 
in nitrogen produces an anomalously large 
rise in the electric strength of the gas, indi- 
cating practical advantages of such mix- 
tures. 


REVIOUS studies of the electric 
strength of air under pressure have 
been reported by the authors.? The pres- 
ent paper presents data from a continua- 
tion of this work for the primary purpose 
of studying the electric strength of the gas 
dichlorodifluoromethane, CCl.F., com- 
monly known as Freon F-12. This gas is 
readily available as a refrigerant and is 
known to have unusually high electric 
strength. It was studied both alone and 
mixed with nitrogen, and to complete the 
series of tests the electric strength of nitro- 
gen was also determined. 


Paper 42-33, recommended by the AIEE committee 
on basic sciences for presentation at the AIEE 
winter convention, New York, N. Y., January 
26-30, 1942. Manuscript submitted November 17, 
1941; made available for printing December 9, 
1941. 


H. H. SKILLING is associate professor of electrical 
engineering at Stanford University, Stanford 
University, Calif. W. C. BreNNeR, formerly a 
graduate student in electrical engineering at Stan- 
ford University, is with Westinghouse Electric 
and Manufacturing Company, East Pittsburgh, Pa. 


The work reported in this paper was done under 
the auspices of the International Telephone and 
Telegraph Company. The authors are indebted to 
the company for permission to publish the results 
of the investigation. 


‘chemically pure gases. 


W. C. BRENNER 
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Freon was obtained in liquid form, in a 
pressure cylinder, and gas from the upper 
part of the cylinder was released into the 
test chamber as desired. Nitrogen gas of 
commercial purity was used; it is guaran- 
teed 95 per cent pure but is believed to be 
purer than the guaranteed value. It is 
supplied under pressure, and was released 
into the test chamber when needed. No 
purification of either gas was attempted, 
for it was believed that results obtained 
with gas of commercial purity would be 
more significant from an engineering 
point of view than results obtained with 
In the present in- 
vestigation no irregularities or incon- 
sistencies of data could be traced to the 
presence of impurities in the gases sup- 
plied. 

The apparatus used is described and pic- 
tured in a previous publication.? The 
methods of measurement and technique 
employed in the study of Freon were the 
same as in the previous work with air, ex- 
cept as the use of mixed Se required 
special methods. 


In order to obtain mixtures of gases of 
known composition for test purposes, it 
was necessary to evacuate the test cham- 
ber before admitting the gas or gases in 
which the test was to be performed. Pres- 
sure within the chamber was reduced by 
means of a vacuum pump to a value esti- 
mated at one millimeter of mercury before 
admitting nitrogen or Freon. By this 
means practically all of the residual gases 
were removed. This was particularly 
necessary for the purpose of removing all 
traces of Freon gas before testing in an 
atmosphere supposed to contain no Freon. 
The presence of an extremely small 
amount of Freon in nitrogen or air was 
found to be important in determining di- 
electric strength, sometimes increasing the 
sparking voltage by fifty per cent or more, 


There are 3,300 trolley coaches now 
operating in the United States and 
Canada, 95 per cent of which have been 
installed within the last 10 years. These 
coaches, operating over 1,100 miles of 
route, totaled 100 million coach miles 
during 1940, and each coach averaged 
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over 1,000 miles for each trolley-pole de- 
wirement. 

This is equivalent to saying the trolley 
coach can run at least five days without 
a dewirement, a performance that is a 
measure of the reliability of modern 
trolley-coach overhead. 
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although the amount of Freon could 
hardly have been more than a fraction of a 
per cent. The sparking voltage in such 
cases was highly erratic and undependable. 
Similar results were obtained when a trace 
of carbon tetrachloride was present in the 
test chamber. 

After a series of tests with Freon, it was 
found best for the test chamber to be 
evacuated and left for several hours or 
days. Nitrogen was then admitted to the 
chamber, and it was again evacuated. 
This process removed all indication of the 
presence of Freon in subsequent tests. 
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Figure 1. Comparison of sparking voltages in 
air and nitrogen 


Spherical electrodes 

Length of spark gap: 0.050 inch 
© Experimental points in air 

@ Experimental points in nitrogen 


In order to obtain satisfactory mixing 
of gases when Freon and nitrogen were 
used together, it was found necessary to 
stir the gases with an electric fan placed 
within the test chamber. Natural mixing 
by diffusion did not take place in the 
course of several hours. When the fan was 
not used, the heavier Freon went to the 
bottom of the test chamber and remained 
partially unmixed with the nitrogen. Re- 
sults without use of the fan were incon- 
sistent and meaningless. Less than five 
minutes of operation of the fan was ade- 
quate to give thorough mixture of the 
gases, and results obtained with its use 
were consistent and could be repeated 
from day to day. 

For test of sparking between spherical 
electrodes in gas mixtures containing 
Freon, aluminum electrodes were used in 
most cases. Aluminum was used because 
of its greater resistance to corrosive action 
under such circumstances. Brass was less 
resistant than aluminum, and steel was 
less resistant than brass. It is presum- 
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ably not Freon itself that is harmful to the 
metal electrodes, for it is reported—in 
publications relating to its chemical prop- 
erties—to be noncorrosive, and it is used 
satisfactorily for refrigeration. Electric 
discharge in Freon, however, is reported to 
produce chlorine and other corrosive prod- 
ucts of decomposition. It is apparent 
from the present investigation that the 
products of electrical discharge in Freon 
are distinctly corrosive. Moreover, prod- 
ucts of electric discharge in a mixture of 
Freon and air are very considerably more 
corrosive than those that result from 
Freon alone or in mixtures of Freon and 
nitrogen. Corrosion of electrodes in mix- 
tures of Freon and nitrogen was about as 
severe as in pure Freon, and very much 
less than in mixtures of Freon and air. 
Sparking in nitrogen was remarkably 
free from corrosion of any kind, and hun- 
dreds of sparks would barely tarnish the 
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Figure 2. Sparking voltages in Freon 


Spherical electrodes 
Gauge pressure in pounds per square inch 
as noted on curves 


polished surface of either brass or alu- 
minum spheres. Pointed brass electrodes 
lost none of their original sharpness after 
forty or fifty sparks in nitrogen, whereas 
they were noticeably rounded and meas- 
urably shortened in length by similar 
sparking in either air or Freon. 


Results in Nitrogen 


In general, sparking voltages between 
spheres in nitrogen are the same as be- 
tween spheres in air. This conclusion was 
checked carefully with an 0.050-inch gap 
at pressures from 1 to 21 atmospheres; 
sparking voltages in nitrogen could not be 
distinguished from those in air (see Figure 
1). : 

A careful study of sparking between 
spheres at various spacings and pressures 
had been made in air,? and because of the 
similarity of results this was not repeated 
in nitrogen, 
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Despite the general agreement observed 


ak 
« 
. 


between sparking between spheres in air 


and in nitrogen, there were certain differ- 
ences in detail. It has been mentioned” 
that in air there was a tendency for the 


sparking voltage to rise slightly as a num-_ 


ber of measurements were made in rapid 
succession. No such result was noticed 
in nitrogen. It has also been mentioned 
that a spark would usually result in air 


if voltage was held for a period of several 


minutes at a value as much as five to 


seven per cent below the usual sparking — 


This effect did not appear in 
The sparking values given in 


value. 
nitrogen. 


this report for nitrogen are average values. 


Most of the individual sparking values for 
pure nitrogen lie within one per cent of 
the average value, the most extreme varia- 
tions being about five per cent. 

It should be emphasized that a slight 
trace of Freon in the nitrogen would cause 
very erratic results, but that clean nitro- 
gen was quite consistent. 


Results in Freon 


Sparking in Freon was investigated at 
pressures of from one atmosphere to about 
six atmospheres, with gaps varying from 


» 
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Figure 3. Sparking voltages in Freon 


Spherical electrodes 

Points are experimental; line is computed 
from V=183PS+-4.0 kilovolts 

P, absolute pressure in atmospheres 

5, spark-gap length in inches 


10 mils to 250 mils (0.010 to 0.250 inch) 
between both brass and aluminum spheres. 
Sparking between points was also studied 
(see following). The highest pressure pos- 
sible at room temperature was about six 
atmospheres, at which pressure the gas is 
in equilibrium with liquid Freon. (The 
vapor pressure of Freon at 70 degrees 
Fahrenheit is 84.82 pounds per square inch 
absolute, 70.12 pounds per square inch 
gauge®), 

Freon was found to have a sparking 
voltage between spheres that was, for all 
pressures investigated, between 2 and 2!/, 
times as great as the sparking voltage in 
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p ete (see Figure 2). 


P olor. Sparks in Freon are intensely blue, 
nitrogen they are purple, and in air 
white or slightly yellow. The intensity of 
sparks in the different gases, however, 
appears to be much the same when due 
allowance is made for the amount of cur- 
rent flowing. 

Values of sparking voltage obtained in 
Freon were fairly consistent, although a 
variation of two or three per cent from 
e average value was not uncommon. 

Variations of as much as ten per cent were 
casionally encountered, usually below 
e average sparking voltage rather than 
bove. No ‘‘trends”’ of voltage values, as 
found in air,? were discovered in Freon, 
and there were no sparks at voltages radi- 
ly different from the average value. 
In general, sparking voltage between 
spheres in Freon was found to be propor- 
tional to the length of gap, and propor- 
tional to the pressure of the Freon gas. 
To be more precise, the voltage-spacing 
and voltage-pressure relations were found 
to be linear, but not exactly proportional, 
taking the same form as Paschen’s law for 
sparking in air. 
The breakdown voltage of Freon as de- 
termined in the present investigation can 
be expressed by the formula 


V=183PS+4.0 


where V is sparking voltage in kilovolts, 
P is pressure in atmospheres, and S is 
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Figure 4. Sparking voltages in mixtures of 
Freon and nitrogen 


Spherical electrodes 
Length of spark gap: 0.050 inch 
Per cent of Freon by volume as noted on curves 
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ogen ‘or air at the same spacing and 


spacing ininches. It will be seen that this 
equation gives voltage values for sparking 
in Freon between 2.4 and 2.5 times the 
values given by Paschen’s law for air. 
The preceding formula appears to be 
reasonably accurate over the range of 
conditions of test. The values of sparking 
voltage obtained by experiment, each an 
average of five to ten individual voltage 
readings, are all within ten per cent of the 
value given by the formula. The experi- 
mental range of pressure was from one to 


five atmospheres, and the range of spark — 


length was from 10 to 350 mils, giving a 
range of the product PS from 0.05 to 0.35 
(atmosphere-inch). This is shown in 
Figure 3. This formula was derived from 
the authors’ results alone. However, it 
was found to give good agreement with 
the sparking voltages measured between 
flat electrodes in Freon by Trump, Saf- 
ford, and Cloud (see Figures 3 and 4 of 
reference 9), for pressures up to about four 
atmospheres (60 pounds per square inch 
absolute). As the vapor-pressure of Freon 
is approached (six atmospheres at room 
temperature) the experimental sparking 
voltages are lower than would be expected 
from the formula. Agreement with the 
work of Trump, Safford, and Cloud ap- 
pears to extend the range of applicability 
of the formula to direct voltage as well as 
alternating, to gap lengths as great as 0.7- 
inch, and to values of the product PS as 
great as 2.0 (atmosphere-inches). 


Results in Freon-Nitrogen Mixtures 


The electric strength of mixtures of 
Freon and nitrogen gas was measured 
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Figure 5. Sparking voltages in a mixture of 
50 per cent Freon and 50 per cent nitrogen 


Spherical electrodes 
Pressure seven atmospheres (90 pounds per 
square inch gauge) 
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under a variety of conditions to determine 
the effect of 


(a) Dilution of Freon by nitrogen. 
(b) Change of pressure. 
(c) Change of spark-gap length. 


Results, which will be discussed below, 
were intermediate between those obtained 


‘in pure Freon and those obtained in pure . 


nitrogen, This was the outcome that 
was to be anticipated. One very interest- 
ing relation, however, was discovered. It 
was found that a very small amount of 
Freon in nitrogen has a disproportionately 
large effect in raising the electric strength; 
this is discussed below. 

Considerable difficulty was at first ex- 
perienced in work with mixed gases, and 
results could not be repeated from time to 
time until an electric fan was used to in- 
sure thorough mixing of the gases within 
the test chamber. When the fan was used, 
however, the difficulty was entirely over- 
come, and sparking voltages were there- 
after obtained with about the same degree 
of consistency as in pure Freon: that is, 
individual readings of sparking voltage 
commonly varied two or three per cent 
above and below the average for a given 
condition, while a variation of as much as 
ten per cent was very unusual. 

Mixtures of Freon and nitrogen that 
were given most attention contained 67 
per cent Freon, 50 per cent Freon, 33 per 
cent Freon, 25 per cent Freon, and 5 per 
cent Freon by volume. Most of the work 
was done with a spark-gap length of 50 
mils (see Figure 4). To give assurance 
that the normal relation between the 
sparking voltage and gap length exists in 
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Figure 6. Sparking voltages in mixtures of 
Freon and nitrogen 


Spherical electrodes 

Length of spark gap: 0.050 inch 

Pressure in atmospheres as noted on curves 
Points are experimental; lines are computed 


from V=(88P5+1.9)(1+1.08F) kv 
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mixed gases, the gap length was varied 
from 10 to 75 mils in a mixture of 50 per 
cent Freon and 50 per cent nitrogen with 
the results shown in Figure 5. As with 
pure gases, the voltage-distance relation is 
linear, and experimental data for this mix- 
ture of 50 per cent Freon and 50 per cent 
nitrogen can be represented by the for- 
mula 


V=1382PS+2.5 kv 


(All experimental points lie within 10 per 
cent of this expression.) 

This suggests the possibility of finding a 
simple equation to represent data for all 
Freon-nitrogen mixtures at all pressures 
and spacings. For this purpose the data 
of Figures 4 and 5 were replotted as 
Figure 6. In this form it is evident that 
the relation between the amount of Freon 
present and the sparking voltage is linear 
when the concentration of Freon is 
greater than five per cent. When the con- 
centration of Freon is less than five per 
cent a small amount of Freon produces a 
disproportionately large increase in the 
sparking voltage, as shown in detail in 
Figure 6 at a pressure of three atmos- 
pheres. The linear relation shown in 
Figure 6 leads to the following equation 
for sparking voltage in Freon-nitrogen 
mixtures in which the amount of Freon is 
greater than five per cent: 


V=(88PS+1.9)(1+1.08F) 


where V is kilovolts, P is pressure in 
atmospheres, S is spacing in inches, and F 
is the fraction of Freon by volume, in the 
gas. (For pure Freon F = 1.0; for half 
Freon, half nitrogen F=0.5; note that 
for pure nitrogen it is not correct to let 
F=0 as the formula does not apply for 
less than five per cent Freon.) 

This equation is proposed with several 
reservations. As noted, it does not apply 
for very low concentrations of Freon. 
Another limitation is that the formula be- 
comes inaccurate at high pressure. The 
agreement with experimental data is good 
for pressures up to five atmospheres. At 
pressures of seven atmospheres and more, 
the experimental sparking voltage is uni- 
formly less than that predicted by the 
formula. There are two obvious explana- 
tions: 

1. It is at about this same pressure that 


variation from a straight-line relationship 
becomes evident in pure air or nitrogen. 


2. The discrepancies become more marked 
as the partial pressure of Freon in the gas 
under test approaches the vapor pressure 
of Freon. 


A condition of saturation is approached 
when both pressure and concentration of 
Freon are high, corresponding to the upper 
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right-hand corner of the chart. As the 
vapor pressure is approached the inter- 
molecular forces become great and the 
Freon no longer approximates a perfect 
gas. 

Finally, the formula given for mixtures 
of Freon and nitrogen is based on a limited 
amount of data. Since there are three in- 
dependent variables in the equation, it 
would be an extremely lengthy procedure 
to determine the voltage for all possible 
combinations. The data at hand were ob- 
tained by recording slightly over a thou- 
sand individual sparking voltages, how- 
ever, and appear adequate to give strong 
support to the above formula for pressures 
greater than one atmosphere, for spacings 
from a few mils to a few hundred mils, and 
for all concentrations of Freon greater 
than five per cent. 

Some work was done with mixtures of 
air and Freon, but was discontinued when 
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Figure 7. 


Pointed electrodes 
Gas tested, and spark-gap length in inches, 
as noted on curves 


it was found that the products of electrical 
discharge were highly corrosive and 
tended to damage the apparatus. In par- 
ticular, the spheres used as electrodes were 
tarnished after as few as three or four 
sparks and rapidly became coated with a 
grayish deposit. This corrosion, however, 
had very little effect on the electrical 
strength of the gap between the spheres. 
Indications are that the electric strength 
of air-Freon mixtures is similar to that of 
nitrogen-Freon mixtures, 


Results With Pointed Electrodes 


A short investigation was carried out to 
determine some of the salient characteris- 
tics of sparking in air, nitrogen, and Freon, 
between electrodes with sharp points. 

Sparking in air between points was dis- 
cussed at some length in a previous paper,! 
and present measurements agree, where 
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comparable, with the results which were — 
then obtained. Experimental procedure — 
is difficult because the nature of the re- 
sults depends to a large extent on the de-_ 
gree of sharpness of the points, particu- 
larly for short gaps. In general, however, 
as pressure is raised, the sparking voltage 
reaches a maximum; this maximum oc- 
curs at 8 to 12 atmospheres pressure. 
When pressure is further increased, the 
sparking voltage becomes less—sometimes 
very slightly less, sometimes by as much 
as 50 per cent. The large decline of volt-_ 
age with increasing pressure is obtained - 
with very sharp points, while with blunt 
points the dip becomes less marked, and 
there may be no dip whatever if the points 
are either quite blunt or quite close to- 
gether. The action is apparently depend- 
ent on whether or not corona precedes 
sparking; observation of corona has been 
made possible by the windows installed in 
the present test chamber. 


Sparking in nitrogen between points 
was investigated for three lengths of gap. 
It was found that the sparking voltage in 
nitrogen is considerably lower than that 
in air for the lengths of gap studied. 
Curves of sparking voltage as a function of 
pressure are shown in Figure 7. No direct 
comparison with the strength of air is 
possible because of the different shape of 
the curves, but it is seen from the figure 
that a 0.3-inch gap in air will withstand 
about as much voltage as a 0.5-inch gap 
in nitrogen. There is a decided difference 
in the shape of the curves; the curve for 
the 0.3-inch gap in nitrogen is practically 
flat for pressures above ten atmospheres, 
while the corresponding curve for air has 
a hump in the neighborhood of ten atmos- 
pheres pressure. When the gap is in- 
creased to 0.5 inches the curve for nitro- 
gen is also humped, although to a lesser 
extent. Very short gaps (0.1-inch or less) 
fail to show any hump in either air or 
nitrogen, at least for points of ordinary 
sharpness. It may be mentioned that the 
sharpness of the points used was such that 
they would readily scratch the fingernail, 
and this sharpness was retained during 
sparking in nitrogen but sparking in com- 
pressed air tended to burn and blunt the 
points. 


It is probable that difference between 
sparking between points in nitrogen and 
in air results from the high electron af- 
finity of oxygen. Oxygen will allow the 
attachment of electrons to form negative 
ions; nitrogen will not.§ This will greatly - 
affect the mobility of space charge in the 
gas, and since sparking voltage between 
points is largely influenced by space 
charge, it is natural that nitrogen and air 
behave differently between points al- 


ELECTRICAL ENGINEERING 


| t rough they mare alike Peress spheres, 
} ‘The neo His Nees to spark between 


| ea; in Freon are ehowad in Figure 7. 
Again a general comparison is practically 
impossible, but certain particular values 
_may be compared in air and Freon. 
The voltage required to spark 0.1 inch 
between points in Freon is for all pressures 
on normal atmospheric pressure to the 
vapor pressure of Freon) greater than the 
voltage required to spark 0.3 inch in air 
or 0.5 inch in nitrogen. Over most of the 
_ pressure range the voltage required for the 
shorter gap in Freon is very considerably 
greater than for the longer gaps in air and 
nitrogen. It was found that a gap of 0.2 
inch in Freon will support voltage com- 
parable to published values fora gap of 30 
to 50 millimeters (1.2 to 2.0 inches) in 
nitrogen.” 

Since this paper was submitted, G. C. 
Nonken has published" sparking voltages 
for longer gaps in Freon. His curves for 
sparking between points (square rods) 
show the typical hump. A hump is just 
beginning to appear in the curve of Figure 7 
of this paper at the highest pressure ob- 
tainable in pure Freon, and with longer 
gaps it appears at lower pressure. At gap 
lengths of six and eight centimeters this 
maximum sparking voltage is at almost 
atmospheric pressure, and voltage de- 
clines as pressure is raised. 

At atmospheric pressure comparison 
may be made between results obtained in 
Freon and the AIEE standard needle-gap 
sparking voltages for air, as shown in 
Table I. 


om 


Table | 


Length of Spark (Inches) 


In Freon 

Voltage In Air (Experi- 

Ky Crest (AIEE Standard) mental) 
AP hte eieretaleswpsieys ee Me 0.10 
PA eee etch (oss 2753 OCS2c. a kee ean 0.20 


It will be seen that in general the in- 
crease of electric strength gained by the 
use of Freon is greater with pointed elec- 
trodes than with flat or spherical elec- 
trodes. The apparent reason is that with 

| pointed electrodes, sparking is preceded 
by corona discharge, while there is no 
corona between spheres. The conclusion 
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is that formation of corona is greatly im- 
peded by Freon gas. 


One of the more important and useful 
aspects of the behavior of Freon is the 
following. The maximum sparking volt- 
age between points in Freon is greater 
than the sparking voltage of the same 
point-gap in air or nitrogen at any prac- 
tical pressure of air or nitrogen. With a 
gap of 0.1 inch, for example, between 
points, Freon will withstand about 40 kilo- 
volts at 50 to 60 pounds gauge pressure. 
According to data given by H. J. Ryan’ a 
gap of the same length in air will not sup- 
port more than 35 kilovolts even though 
the pressure is raised to 1,500 pounds. 
With longer gaps the advantage of Freon 
appears to be even greater. 


This advantage is peculiar to pointed 
electrodes. In nitrogen or air the spark- 
ing voltage between points reaches a maxi- 
mum at a pressure of a few atmospheres 
and thereafter decreases with increasing 
pressure, or at the most, rises very gradu- 
ally. When the gap in which sparking 
occurs is between smooth surfaces—be- 
tween spherical electrodes, for example— 
the maximum strength of Freon may be 
equaled and exceeded in either air or nitro- 
gen by sufficiently increasing the pressure 
but this is not possible if the spark occurs 
between points. 


These facts appear to make Freon po- 
tentially more useful to prevent electric 
discharge from points or projections than 
to prevent sparking or breakdown in a sub- 
stantially uniform electric field. On the 
other hand, it must be remembered that 
corona or other electric discharge must not 
ordinarily be allowed to take place in 
Freon, because the decomposition prod- 
ucts are corrosive and somewhat poison- 
ous. 


Conclusions 


1. The electric strength of nitrogen be- 
tween smooth electrodes is almost exactly 
equal to that of air. 


2. Sparking voltage between sharp points 
is higher in air than in nitrogen. See 
Figure 7. 


3. Freon gas (dichlorodifluoromethane) be- 
tween smooth electrodes will withstand 
about two and a half times as much voltage 
as air or nitrogen at the same pressure, but 
it cannot be used at pressures above about 
70 pounds per square inch, gauge, as that is 
its approximate vapor pressure at ordinary 
temperatures. See Figures 2 and 3. 
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4. Mixtures of Freon and nitrogen are 
intermediate in characteristics between the 
two gases used alone. See Figures 4 to 6. 
The most interesting characteristic of mix- 
tures is the large increase in electric strength 
produced by a very small amount of Freon 
in nitrogen. See Figure 6. 


5. Freon gas between pointed electrodes 
increases the strength of the gap very 
greatly, the sparking voltage being found in 
some cases to be of the order of magnitude 
of four times that in nitrogen. The maxi- 
mum sparking voltage in Freon is greater 
than the greatest sparking voltage that can 
be attained in air or nitrogen at any prac- 
ticable pressure. 


6. The greatest advantage in the utiliza- 
tion of Freon between smooth surfaces is 
where the pressure of gas that may be used 
is limited by mechanical considerations. 
For most purposes, nitrogen at 300 pounds 
per square inch pressure is superior to 
Freon, for it has as great an electric strength, 
is more consistent in behavior, and does not 
become corrosive in the presence of electric 
discharge. But if the gas pressure is 
limited by mechanical design to 150 pounds 
per square inch, or less, the possible use of 
Freon should be carefully considered. 


7. The possibility of adding a small per- 
centage of Freon to nitrogen, and thereby 
increasing its electric strength by 15 to 25 
per cent appears to be a practical considera- 
tion. 
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Lightning Investigation on W allenpau- 
pack—Siegfried 220-Kv Line of 
Pennsylvania Power and Light Company 


EDGAR BELL 


NONMEMBER AIEE 


HE Wallenpaupack-Siegfried line, 

the pioneer 220-kv circuit in the 
eastern United States, was completed in 
1926.1 Little information on lightning, 
and most of it incorrect, existed at the 
time, and the design chosen proved in- 
adequate to cope with the severe light- 
ning conditions encountered. Partly be- 
cause of this fact an investigation was 
started that year by the General Electric 
Company, the Electric Bond and Share 
Company, and the Pennsylvania Power 
and Light Company, to learn the facts 
about natural lightning and means for 
protection against its disastrous effects. 
This investigation has been continued for 
15 consecutive years.?~* 

During 1926 the prevailing theory of 
lightning involved a bound charge on the 
earth due to cloud field, the sudden re- 
lease of this charge, and generation of 
steep wave-front and high-voltage surges.® 
Because of this general conception over- 
head ground wires were not considered 
worth their cost, and tower-footing 
grounding was seldom talked of. The 
only investigational work up to this time 
had been carried out in laboratories, and 
was based on conjectured lightning 
strokes. Knowledge of the characteristics 
of natural lightning was very meager. 
By 1930, the direct stroke theory!”" was 
pretty well proved, and data on the re- 
markable effectiveness of overhead ground 
wires and buried tower footing grounding 
cables were being accumulated. 

The lightning investigation which was 
in very large part conducted on the 
Wallenpaupack-Siegfried line had several 
closely interrelated aspects, namely: 


1. Increasing insulation strength of line 
insulators and terminal equipment against 
flashover. 


2. Spillway gap performance at terminals 
of line. 


Paper 42-74, recommended by the AIEE committee 
on power transmission and distribution for presen- 
tation at the AIEE winter convention, New York, 
N. Y., January 26-30, 1942. Manuscript sub- 
mitted November 10, 1941; made available for 
printing December 19, 1941. 


EpGaR BELL is engineer, system planning division, 
and F. W. Packer is transmission engineer, both 
of the engineering department of Pennsylvania 
Power and Light Company, Allentown, Pa. 
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8. Dynamic current measurements at times 
of faults and estimation of fault locations. 


4. Addition of means for shielding against 
lightning. 


5. Lightning-arrester operation and per- 
formance. 


6. Lowering structure-footing resistance by 
adding buried metallic cable. 


7. Collection of detailed operating records 
relating to time of occurrence of flashovers 
and tripouts and to line construction in use. 


8. (a) Field measurements at many loca- 
tions along the line of magnitude, polarity, 
and wave front of surge voltages appearing 
on line conductors, 


(b) Locations of structures hit by lightning 
and polarity of stroke current. 

(c) Magnitudes and polarity of lightning 
currents in overhead ground wires, lightning 
rods, tower-structure members, and buried 
grounding cables. 


(d) Instantaneous and integrated measure- 
ments of atmospheric voltage gradients and 
field strength, and induced voltages on aerial 
conductors. 


9. Field measurements of lightning voltage 
and current wave shapes at attended labora- 
tories located along the line, and which were 
equipped with cathode-ray oscillographs and 
surge-voltage recorders or rotating prism 
cameras. 


Table I lists the principal measuring 
devices used. Since data obtained from 
these various sources usually have been 


from 5 to 15 years duration, and since 
additions and improvements to the line 


have been made in steps, and since careful 
analysis and detailed reporting of data 
have been made, a wealth of unique infor- 
mation exists, reliable in general to within 
15 per cent. 

The principal measuring devices used 
in large quantities in the field included: 


1. The surge voltage recorder,!”18 a clock- 
driven Lichtenberg figure camera used in 
conjunction with insulator string voltage 
dividers to indicate polarity, magnitude, and 
wave characteristics of lightning voltages 
on line conductors, and voltage-measuring 
antennas. 


2. A simpler instrument without clock 
called a lightning-stroke recorder!‘ was later 
used in large numbers to indicate surge 
polarity and location of strokes to structures. 


3- A superior device using small magnetiz- 
able links called a surge crest ammeter! 
has given a wealth of information on light- 
ning current magnitudes and _ polarity. 
Thousands of magnetic links have been em- 
ployed on overhead ground wires, lightning 
rods, structure members, buried grounding 
cables, and lightning-arrester leads. 


4. Other devices, such as the lightning 
severity meter and field intensity recorder. 
In addition, field laboratories’ 1718 have 
been operated adjacent to the line during 
1928 and 1929 near Wallenpaupack, during 
1930 42 miles south of Wallenpaupack, 
and during 1939, 1940, and 1941, 12 miles 
south of Wallenpaupack on High Knob 
Mountain. 


Table II lists magnitudes or range in 
value of various quantities measured on 
this line. 


Table |. Principal Measuring or Counting Devices Used on or Adjacent to Wallenpaupack— 
Siegfried Line 
Max. No. Used 
in Any One 
Name Purpose and Brief Description Year 
Pig sea figure camera with clock-driven film. 
Surge-voltage recorder.......... For measuring polarity and magnitude of surge vort-| uate 42 
ages on line conductors and elevated antennas 
Cathode-ray oscillograph. ...... eaperte: beam in vacuum chamber recording arash 2 
voltage graph on photographic film = &#£JS'**""* 
Mighthingsstrokerecordermatenn (ee and inexpensive surge-voltage recorder een 378 
stationary film “29 © 9.) Gp a eee ee 
Field-intensity meter end Light-beam recording on moving film, for recording (3 
rate of change of field}>..... atmospheric electric-field intensity, or rate otf acetone 1" 
meter \ tl change of field ) 1 
Modified Kodak recording on photographic film an in- 
P \ tegrated measure of light from neon lamp energized 
Lightning-severity meter,...... < from antenna and recording atmospheric voltage. >..... 9 
ie all used adjacent to Wallenpaupack-Siegfried 
Ane 
ae Semaphore device with frangible link exploded by 
Surge indicator (flashover \ 2 teBae J voltage drop across tower bridge, such as oc- : 
indicator) casioned by insulator flashover. Exposed target( ‘°°’ ” 7002 
easily visible to patrolman on ground : 
(Small laminated alloy steel cartridge held by wooden 
Surge-crest ammeter........... ) bracket in magnetic field surrounding conductor { { 1,000 
carrying lightning-surge current Approx. 
Graphic ammeter high- 
speed (Hall) remetete | ee ‘i recording dynamic current or voltage at line 
magnetic - oscillograph { terminals at times of line faults \ tes 29 


element 
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ree. - ® ‘ 
_ The success of this investigation has 
been due to the careful correlation be- 
een records of operating experience and 
e research measurements. One essen- 
al part of this investigation has been 
detailed information on insulator flash- 
overs. During the fall of 1927 it became 
apparent that flashed insulators were not 
being properly recognized and reported, 
and so during 1928, 1929, and part of 
1930 tower climbing patrols were made 
after every storm at every tower. In 
1930 the surge indicator’! had been 
invented. This was a device showing a 
large target to indicate insulator assem- 
blies which had been subjected to high 
voltages. The surge indicator permitted 


Table Il. Maximum Magnitude or Range in 
Value of Lightning-Research Measurements 
Obtained on or Adjacent to Wallenpaupack- 
‘ Siegfried Line 
_— 

Potentials due to lightning 
Steel tower lines, 
eonductors 
POU PPOUNU cuca ce wet 3,000 kv 
Across 40 to 50 feet 
of vertical length 
SETLESWEDS © Cotte s akc 50 kv approx. 
Across 5 feet of 
earth near tower 
footing...... Dial 3 Sefers Greater than 50 kv 


Potentials due to \ i} ons X normal crest line 
switching to neutral voltage 
Attenuation of volt- 
BRO BULGOR. wages cae ncn Proportional to e? 
2,000-kv surge.......... to 1/2 value in 3.1 miles 
1,000-kv surge.......... to 1/2 value in 6.2 miles 
BOO-KV stirge........:. to 1/2 value in 12.5 miles 


Traveling waves due to lightning 
At end of line 


‘Tume- GF Crest): si. 50.5. lto 80 microseconds 
Time to 1/2 value 
OM bal cc Gc ewes bBo 4 to 160 microseconds 
At middle of line 
SIME TOVETESE« fcc swe eve 0.1 to 15 microseconds 
Time to !/2 value 
SEAL Wis sce olen os 0.3 to 50 microseconds 
Direct lightning stroke \ . 0.8¢ ats 
Failing ++ +4=300e i=amperes 
(| { = microseconds 
(Calculated from 
voltage  oscillo- 
gram) 


Rate of rise, 600 am- 

peres per microsecond 

Current 16,000 amperes 

jRate of rise, 13,000 am- 

peres per microsecond 

8 microseconds...... Current 200,000 am- 
{ peres 


Current, 700 amperes 
1 microsecond ...... 


5 microseconds...... 


Atmospheric potential gradient 
Near earth at time ha Salve RBI KY peraneice 
of lightning aa Bees 270 kv per 
strokes meter 
Current due to lightning stroke 
(By surge-crest ammeter measurements) 
In tower rt La { Up to 140,000 amperes 


ture* (approx.) 
Probable store} ). § Up to 218,000 amperes 
current** (approx.) 
Polarity negative 
(neglecting 
trace records 
and very small 
SIFOKES) ete a6 co i uekeu 99 per cent 


*Two other next highest records 102,000 and 108,800 
amperes. 


**Summation of 5 adjacent and associated records 
of 20,500, 57,700, 108,800, 14,800, and 16,500 am- 
peres. 
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overhead patrolling to be reduced to 
reasonable amounts and yet enabled prac- 
tically all of the flashed insulator assem- 
blies to be promptly found. 

Another equally essential result of the 
investigation has been the obtaining of 
complete information on individual line 
tripouts, including time, relay operation, 
fault location, estimates from magnetic or 
cathode-ray oscillographs, actual fault 
locations, insulators flashed, surge volt- 
ages measured, lightning-stroke-recorder 
records, surge-crest-ammeter measure- 
ments, structure-footing resistances, and 
so forth. 

The original 64.7-mile line without over- 
head ground wires operated very poorly 
for 11/, seasons with 27 lightning trip- 
outs.'8 In addition lightning caused a 
Wallenpaupack transformer to fail within 
3’/. months, and a second transformer 
failed three weeks later. The line was 
then operated at 66 kv and all trans- 
formers at Wallenpaupack and Siegfried 
were rebuilt at the factory. All were 
found to be well along the road to failure, 
but since rebuilding and the installation 
of protective spillway gaps at their ter- 
minals, no more failures have occurred. 
During 1927, 24 line miles were equipped 
with conventional 184,000-circular-mil 
ACSR overhead ground wires spaced ten 
feet six inches above conductors at 
towers. Figures 1 and 2 show the gen- 
eral construction design. Lightning flash- 
overs still occurred on the ‘‘protected’’ 
section, and the 1928 record for the entire 
line was 15 lightning tripouts, at least 
one of which was on the overhead ground- 
wire section. By this time other inter- 
connected 220-kv lines, completely 
equipped with similar overhead ground 
wires were used, and during that year 
these circuits experienced 5 lightning 
tripouts. 


It was evident and has since been 
thoroughly proved that overhead ground 
wires are very desirable but are not neces- 
sarily fully effective. The next move was 
to lower the resistance of tower-footing 
grounding. As an experiment a 2.6-mile 
long continuous 2/0 copper cable, buried 
where possible, and connecting 14 towers 
over High Knob Mountain,*"8 was in- 
stalled early during 1929. This region 
had still experienced flashovers, and dur- 
ing subsequent years lightning strokes of 
large magnitude have been measured to 
steel structures and overhead ground 
wires, and the effects of lightning strokes 
have been observed to nearby poles and 
trees. No insulator flashovers have oc- 
curred since this pioneer installation of 
continuous counterpoise was made, and it 
has proved to be an excellent investment, 
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as well as serving as a model for other 
lines and other utilities. 

By 1930 the single season’s record was 
not accepted as proof that continuous 
counterpoise, averaging in length 1,040 
feet per tower, was necessary, and so each 
structure in 16.8 miles of line having over- 
head ground wires was equipped with 
four 50-foot-long cables (crowfeet), Dur- 
ing 1931 the remaining 4.6 miles of line 
having overhead ground wires were 
similarly equipped. Results to date have 
been excellent but not perfect. During 
1936, 24 towers having the higher re- 
sistances had one cable per structure in- 
creased in length by 200 feet or to 400 
feet of cable per tower, but these in- 
stallations likewise have not had a perfect 
record of complete lightning protection. 
Figure 3 shows schematic plan views of 
tower-footing-grounding cable design. 

During 1930 again as an experiment a 
3.8-mile section of line was equipped with 
nonconventional elevated shielding 
wires,!*!® insulated from the tower top 
and supported by 40-foot-long wood 
poles and four to six guy cables per struc- 
ture, which were bonded to the tower 
base by long crowfoot-type cables. These 
“diverting cables’ have had a perfect rec- 
ord for lightning protection, but experi- 
enced one mechanical failure, due to 
imperfection in a cable socket. Figure 4 
shows the general design employed. 

During 1938 and 1939 the 36.9 miles of 
line still unequipped with overhead 
ground wires were provided with buried 
galvanized three-eighths-inch steel con- 
tinuous counterpoise cable, and the re- 
sulting low tower-footing resistances ap- 
parently avoided a few line flashovers. 
During 1940 and 1941 this section of line 
was also provided with two overhead 
ground wires of conventional configura- 
tion and elevation above line conductors. 


OVERHEAD 
GROUND WIRES——~,, 


CONTINUOUS 
COUNTERPOISE 


Figure 1. Configuration of conventional over- 

head ground wires and continuous counter- 

poise at standard suspension structures of 
Wallenpaupack-Siegfried line 
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Figures 2 and 5 show the design employed 
to support the overhead ground wires at 
standard suspension structures and at 
mast structures, respectively. Since the 
completion of the overhead ground wire 
no tripouts or flashovers have been ex- 
perienced on the entire Wallenpaupack- 
Siegfried line. Inasmuch as this line is 
now completely equipped with overhead 
ground wires, with 39.5 miles of con- 
tinuous counterpoise, and all structures 
in the remaining 25.2 miles having non- 
continuous grounding cables which have 
a record of avoiding all but three or pos- 
sibly five flashovers during 11 to 12 years, 
it is anticipated that the future lightning 
record of this line will be nearly ideal. 

Of the references cited number 18 
gives an excellent summary of the in- 
vestigation up to 1938, including history, 
construction, photographs, measure- 
ments, results, and conclusions, and the 
reader is urged to refer to it. 


Overhead Ground Wire and Buried 
Tower-Footing-Grounding Cable 
Construction 


In Table III are listed data on lengths 
of line equipped and construction details. 
Of particular interest is the fact that the 
1940-41 overhead ground wires were in- 
stalled at 40 per cent of the estimated 
cost of duplicating 1927 construction. 
This saving was the result of a combina- 
tion of circumstances. The selection of 
smaller and lighter conductor resulted in 
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not only a saving in the cost of conductor 
material, but sufficient reduction in 
transverse loading on the suspension 
towers so as not to require any strength- 
ening in order to maintain the desired 
factor of safety. The conductor selected 
was also of sufficient mechanical strength 
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AT 24 TOWERS \« 50 ae < a 


RADIAL CROWFOOT 


RIGHT OF WAY 
GROUNDING CABLES 


Figure 3. Plan of various tower-footing- 

grounding cable designs used on Wallen- 

paupack-Siegfried line. For diverting cables 
see Figure 4 


Figure 4. Configuration of 1930 lightning- 

stroke diverting cables, employing two wood 

poles to support and insulate the overhead 
ground wires from the structure 
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: 
to maintain proper sag and clearance | 
characteristics with a normal tension of — 
16 per cent of the ultimate which was felt — 
to be well within the limits necessary to 
prevent any damage from high-fre- 
quency vibration. 

The mast type of structure used at _ 
angle locations as well as on very long — 
spans necessitated a special design of — 
additional structure due to the fact that 
operating conditions made it imperative 
that the line be restored to service every — 
evening. The existing mast structures 
supporting the conductors could not be — 
dismantled, lengthened, and rebuilt as — 
was done during 1927. The design — 
finally selected called for a pair of guyed 
steel masts, installed entirely independent — 
of the existing triple mast structure, and 
supporting the overhead ground wires in 
their proper positions by means of a bridle 
arrangement. These 11 pairs of new steel 
masts were installed at approximately 40 
per cent of the 1927 cost of dismantling — 
and reconstructing existing mast struc- 
tures. The bridle arrangement also pro- 
vided excellent shielding over all the dead- 
end insulator assemblies at these points. 

For counterpoise the use of galvanized 
steel has the advantage of reducing ma- 
terial costs over copper or other accept- 
able material, minimizing danger of 
theft (which generally exists where copper 
or copper-coated steel conductor is used), 
and providing grounding facilities at least 
very nearly as good as and possibly better 
than with smaller-size conductor ma- 
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Figure 5. 


Configuration of overhead 
1940 and 1941 at mast structures. 


, were not altered. The additional masts and guys are entirely inde- 
pendent and self-supporting structures 


ground wires installed during 


Figure 2. Configuration of overhead ground wires installed during The original struct d 
inal structures and guys 


1927 at mast structures. These structures were rebuilt, strengthened 
and lengthened 
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i hy It is believed that this steel cable 
ill function adequately for many years. 


Tripouts of Wallenpaupack- 
_ Siegfried Line 


During 1932, 47.1 additional circuit 


Bushkill eatin midway between Wal- 
Jenpaupack and Siegfried) to Roseland, 
. J. During 10 years, 9 tripouts oc- 
curred on the new circuit, and during 
(16 years, 295 tripouts occurred on the 
original circuit. Of these latter, 8 oc- 
curred on overhead ground-wire sections 
as follows: 


, 


1—Caused by sleet on line conductors 
(1988). 


1—Caused by diverting guy-cable failure 
(1988). 


S—Caused by direct lightning strokes before 


_tower-footing grounding had been improved 
(1928, 1929, 1930). 


| Oe by direct lightning strokes after 
_tower-footing grounding had been improved 
(1930, 1932). 


1—Same as above, except that it also in- 
volved mechanical failure of an insulator 
assembly (1939). 


Of the remaining 287 faults, 20 were 
caused by incorrect relay operation, op- 
erating mistakes, foreign objects against 
line conductors, system instability, or 
other causes, and one involved mechani- 
cal failure of an insulator assembly caused 
by a direct lightning stroke. Most, if not 
all of the rest, totaling 256 tripouts were 
caused by direct lightning strokes to 
unprotected line conductors. No per- 
manent damage ever resulted except 
burns on insulators and occasionally 
shattered porcelain which was replaced 
later on a maintenance schedule. 

In 1928, 1930, and 1932, other 220-kv 
circuits, totalling 283.7 miles equipped 
with twin conventional ACSR overhead 
ground wires, were placed in 220-kv inter- 
connection service. On these, 98 trip- 
outs have occurred at a rate of 2.7 trip- 
outs per 100 circuit miles per year. The 
majority of these faults was caused by 
lightning. For the Wallenpaupack-Sieg- 
fried line where overhead ground wires 
were in use, 3 faults in 3 years were oc- 
casioned by lightning prior to installation 
of improved grounding and 3 faults in 11 
years were caused by lightning subse- 
quent to installation of crowfoot grounds. 
These figures reduce to 4.6 and 1.3 trip- 
outs per 100 circuit miles per year and 
substantiate the conclusion that the 
Wallenpaupack-Siegfried line is subject 


Performance of Buried Tower- 
Footing-Grounding Cable 


In reference 7, Tables II through V, and 
Figures 1 and 2, data are presented on 
lightning-current measurements in light- 
ning rods, overhead ground wires, tower- 
structure members, and buried cables. 
Measurements have not been made 
directly of current flowing through tower 
footings, but measurements of currents 
in structure members and buried ground- 
ing cables show: 


(a). Continuous counterpoise conducts up 
to 75 per cent and on the average 58 per 
cent of the total structure current; non- 
continuous crowfeet conduct 11 to 48 per 
cent of the total structure current depending 
upon their lengths, and combinations of four 
crowfeet per structure conduct 42 to 70 per 
cent of the total structure current. 


(b). The presence of continuous counter- 
poise causes 77 to 83 per cent of the total 
structure current to crowd to that side of 
the tower. Since the counterpoise con- 
ducts 58 per cent of this current, the footings 
must conduct the remainder or 19 to 25 
per cent as compared with 17 to 23 per cent 
for the other two footings. The presence 
of one 250-foot crowfoot and three 50-foot 
crowfeet causes 52 to 58 per cent of the total 
structure current to crowd to the tower 
corner having the long crowfoot and leaves 
14 to 16 per cent of the tower current in 
each of the other corners. Since the crow- 
feet conduct 70 per cent of total structure 
current, the remaining 30 per cent is distrib- 
uted among the four footings, and there 


Table Ill. Data on Overhead Ground Wires 


seems to beno tendency for any one footing 
to conduct more current than any others. 


From these measurements it might be 
concluded that noncontinuous crowfoot 
cables are all that are required to pro- 
duce ideal grounding, and that they are 
superior to continuous counterpoise, A 
number of other factors should be men- 
tioned and may help explain why con- 
tinuous counterpoise so far has a perfect 
performance record, whereas noncon- 
tinuous crowfeet cables have not; why 
we feel that economically continuous 
counterpoise is best suited to our condi- 
tions; and why we prefer this method of 
grounding on our 220-kv and 66-kv lines. 


1. .The 18-year record from High Knob is 
for continuous cable installed over a stony 
mountain where lightning has long been 
known to be prevalent. The cable is not 
buried at all locations. The inherent tower- 
footing resistances range from 50 to 148 
ohms. The three largest lightning-rod 
current measurements were 57,000, 62,000, 
and 65,000 amperes. For this 14-tower 
section during 1926 (with no overhead 
ground wire or counterpoise in use) at least 
6 insulator assemblies were flashed. During 
1927 and 1928, 23 more flashed insulator 
assemblies were found. Overhead ground. 
wires were in use for about three-fourths of 
this time and at least two of the flashovers 
occurred during 1928, while overhead ground 
wires were in use, but prior to installation 
of counterpoise. For the seven-year period, 
1935 through 1941, at least 25 large light- 
ning strokes have been measured; 21 ex- 


and Buried Tower-Footing-Grounding Cable 


Installations 


Overhead Ground Wires 


Wear ANSLOUOK cvs ci eis sing ns) eh wie fe ohn 9.8 CHRIS «Peles Bip MOOT ice. suse erate rite LOB O erciss sxefersysioe 1940-41 
POUSUMS IMCS ies, dries iets eistelt. cher s crouse aN to aateRe aioe ets DALOLY.chaveistentteusa ets BBs ps See wielete le 36.9 
ce BCLOF MUA DErtial so cscs fae sols ees oe alee avatale re ae ACSR? v coteottectns ACERS awekicietnes Copperweld 
ConGHetor 'SIZ0 oo alee eians tom ite ieee rele aie ole ins wie telisiwin 184,000 cir mil... .184,000 cir mil. . .7/16 inch special 


E.H.S. 7 strand 


Spacing between cables... 0. 3 sce ce ote mens 22 feet-7 inches........ 38 feet........22 feet—7 inches 
Elevation above conductors at suspension 

REE oe dis 0p ie. niclo ies eieiars.c staiace \a's'9\4 8 p/ap ase 10 feet-6 inches........ SO feetapma.erers 10 feet-6 inches 
Percentage suspension towers requiring 

Sevsiiy adobirsen he G6 dy G0 On OOO A OCG 20 DAROOS LOW scare stacavernye rere mrs LOO; acters ute cer fooeene 0 
Percentage mast towers requiring rebuilding......... LOOM AG tars, 3 catererg etepenar eterene vier stel’ohate Dates 0 
No. suspension towers equipped............-.+++5- LUD tacsewatete reversal lines US agthperes ena alerts 160 
Wao. mast towers €qWIPHed. 2 Fein eee esses. AManyte dene ee ee (OM, ee eeraisaeericts un Li 
Percentage of towers where Stockbridge 

dampers were applied to line conductors 

and overhead ground wires.............++++ee0+: LOO sie cine act cokes 6 ei File terse cha 0 

Tower-Footing-Grounding Cable 
WEE COTTE tC Re ed Oe ORG Cr CECE RG [OR NOR CC DICE G 1929. NISO—By.byakaletartoa vee 1938-39 
Length in miles of line equipped......... 62600000 - 26... cece 22. cece ee ee eee 36.9 
Number of structures equipped............0000005+ te Basen os FOR MENG neneie nec 171 
Mp AietGt Muateliana ts. ciel sur sind e's Renee wes oe Copper.gne «2 ane COpper is bce cactecs Galv. steel 
Cond BehOu SIzZGcno toe tele mite iain) ole iena ier olee sisi sare 2/0 Stranded...... 2/0 Stranded...... 3/3” Stranded 
I Waar Varetelt yi stcl EGER» Si, HLCABIORD oALRORO EAT CRO ROS eC Counterpoise....... .crowfeet...1.. Counterpoise 
Continuous 4 50*-foot- Continuous 
along one side cables per- along one side 


Config ira tiortacstopereiete tei at ate lese) ets) «sieve e}=\e1e1a of 


line 
bonded 
tower footings 


of line and 
bonded to 2 
tower footings 


pendicular to / 
each other 


and 
to 2 


About 1 foot in 
: wooded areas, 
Depth) Hutied A iieccsmcs oem memes oe eer cisinieics About 1 foot...... About 1 foot. . ae irto eee 
elsewhere 
Extensions added? Fag ce rested) oievs ois) asi= =) lnlle nie ysie ace NOME esters sis hale To 24 towers...... To 5 towers 


*At 18 structures equipped with 1930 diverting cables, crowfoot cables were much longer in order to 


connect with the guy-cable anchors. Two structures 


had 6 guys and 6 cables. 


Bo lightning and that, although Pe **Extensions added to crowfeet consisted of 200 feet of cable added to one of the 4 existing cables. Ex- 
vulnerable, is now well shielded. tensions added to counterpoise consisted of two 250-foot-long crowfeet per structure. 
, 
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ceeded 20,000 amperes, 8 exceeded 40,000 
amperes, 2 exceeded 60,000 amperes, and 
the highest was 70,000 amperes. 


2. The record of noncontinuous crow- 
foot-type cable shows three flashovers 
during two years before cables were installed 
and five flashovers during the 10- to 11-year 
period since cables were installed. Three 
of these latter flashovers caused line trip- 
outs, but two apparently did not. .In no 
ease are lightning-current measurements 
available. In the last case (1939), an insu- 
lator-assembly failure also occurred at a 
tower having originally 114 ohms resistance. 
The failure was due to the spreading of a 
cracked insulator cap at the time of an un- 
usually severe lightning stroke, but it is not 
certain that this insulator failure and line 
tripout would have occurred, had the insu- 
lator cap been in perfect condition, and it 
may be that the long crowfoot cables would, 
otherwise, still have a perfect performance 
record. 


3. At the time the High Knob counter- 
poise and crowfoot cables were installed, 
2/0 copper conductor was used, and it was 
all installed by hand labor (pick and shovel). 
In recent years it has been felt that gal- 
vanized steel counterpoise is perfectly satis- 
factory, and the 1938-39 installation con- 
sists of 36.9 miles of three-eighths-inch 
Siemens Martin stranded guy wire. It 
was, in general, installed by means of a 
tractor and special “‘counterpoise plow,” 
which digs a trench 18 to 24 inches deep, 
lays the cable, and partly backfills the 
trench. The labor and material cost of 
installing galvanized steel radial crowfeet 
exceeds the labor and material cost of in- 
stalling such a counterpoise. 


4. Since the Pennsylvania Power and 
Light Company is not confronted with 
exceptionally dry and sandy soil conditions 
where deeply driven rods may be superior 
to buried cable, and since, except in very 
rare cases, no additional grounding is re- 
quired beyond that provided by a single 
continuous counterpoise, we feel that, for 
our conditions, such installations are both 
electrically and economically ideal. For 
towers having exceptionally high footing 
resistance, supplementary grounding can be 
added. This was done for five towers over 
a mountain where the underlying strata are 
of slate formation and where resistances 
were 200, 237, 319, 165, and 329 ohms. 


Another factor which may help explain 
the performance of continuous counter- 
poise is that current measurements are 
obtained at many towers, even seven or 
eight towers distant from the stroke, 
or 11/2 miles away in both directions. 
These measurements show a definite 
division of current at each structure, with 
part of the incoming current diverted up 
the structure and the remainder flowing 
in the counterpoise toward the stroke. 
At the end of the span, the counterpoise 
current is increased by current picked 
up from the earth. This current increase 
is of the order of 10,000 amperes in the 
span nearest the stricken tower, and drops 
to 1,000 amperes three or four spans 
away. In a similar manner, the over- 
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head ground wire currents increase at 


each tower by the amount going up the. 


structure, and thus serve to conduct cur- 
rents as high as 30,000 or more amperes 
in stricken overhead ground-wire spans, 
and currents on the order of 10,000 am- 
peres for strokes to structures. 

On the other hand, where crowfoot 
cables are used, measurable currents in 
crowfeet are usually limited to 3 or 4 
structures instead of 12 to 14 structures. 
Continuous counterpoise thus enables 
the lightning stroke to be fed by many 
multiple grounds (for example 10,000 
to 14,000 feet of buried cable and 50 or 
more tower footings) rather than by 
1,000 to 2,000 feet of cable and 12 to 16 
tower footings. Current measurements 
obtained since 1933 when plotted on 
charts similar to Figures 1 and 2 of refer- 
ence 7 are very striking. They confirm 
our belief. that continuous counterpoise 
is a very effective device for conducting 
lightning currents and keeping tower- 
footing potentials low, and that con- 
tinuous counterpoise is adequate for our 
conditions. 


Summarized Results 


1. Lightning-surge voltages were early 
found io be caused by negative strokes in 
almost every case. Practically every posi- 
tive-voltage record was found to have 
occurred at time of insulator flashover at 
the tower and line conductor to which the 
surge-voltage recorder was connected. Such 
positive voltage records were caused by the 
recorder and earth being temporarily posi- 
tive with respect to the stricken line con- 
ductor. Many thousands of surge-crest- 
ammeter records have likewise rarely indi- 
cated positive lightning strokes and never 
any of large magnitude. 


2. Measurements of induced voltages, or 
usually failure to obtain measurements of 
induced voltages and absence of flashovers 
which were not clearly associated with direct 
lightning strokes, showed 12 to 15 years 
ago that induced lightning voltages are 
insufficient to cause trouble on lines insu- 
lated for 220-kv operation. 


3. Hundreds of measurements of voltage 
across 40 to 50 feet of structure steel seldom 
indicated voltages exceeding 40 kv, and 
practically never indicated voltages ex- 
ceeding 50 kv, and showed that most of the 
rise in tower potential at times of lightning 
strokes occurred in the earth surrounding 
the footings. 


4. Twenty-eight measurements of voltage 
in the earth around tower footings at times 
of lightning-current discharge indicated 
that 20 per cent of the potential drop from 
tower to true earth, exists within five feet 
of the footings. The voltage across five 
feet of earth exceeded 50 kv and 40 kv for 
seven and five cases, respectively. In 
eight other cases the discharge seemed to be 
of long continued duration rather than a 
rapid and violent impulse. 
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5. Well-defined lightning-current measure- 
ments show that strokes either contact 
structures directly or else one (but not both) 
of the overhead ground wires between 
structures. For unprotected sections of 
line, it was early found that the middle con- 
ductor rarely flashed over, but that the 
outer conductors (and particularly the con- 
ductor nearest to approaching storms) ex- 
perienced frequent flashovers. Further- 
more, nearly all flashovers were confined to 
one conductor with two flashed assemblies 
(one at each of two adjacent structures) 
being the usual condition. 


6. No flashovers are known to have oc- 


curred to overhead ground-wire structures ~ 


of the Wallenpaupack-Siegfried line having 
meggered tower-footing resistances of less 
than 13 ohms. For towers of about 20 ohms 
resistance, strokes up to 50,000 amperes 
usually if not always are safely conducted, 
and strokes up to 100,000 amperes have been 
safely conducted occasionally. 


7. Increasing the number of insulator 
units on outside conductors from 14 to 16 
during 1929 and 1930 resulted in no dis- 
cernibleimprovement. After the two trans- 
former failures during 1926 and examination 
of the remaining transformers, all eight 
single-phase units were rebuilt, and _ spill- 
way protective gaps set at 421/. inches were 
installed on each phase conductor near their 
terminals. No transformer failures have 
since occurred, and periodic examination 


has disclosed no more lightning damage, but — 


spillway gap flashovers were frequent at 
Wallenpaupack until 1934 when 220-kv 
lightning arresters were in successful opera- 
tion. Since then three spillway gap flash- 
overs have occurred, but none were on the 
two protected phases. Of 15 arrester cur- 
rent discharges measured, 6 exceeded 1,500 
amperes. 


8. During 1930 fault location was facili- 
tated by cathode-ray oscillograph measure- 
ments of the time between surge reflections 
from the faults and from line terminals. 
Since that time fault-location estimates have 
been made by relating dynamic-current 
measurements obtained at Wallenpaupack, 
Siegfried and Roseland substations. 


9. Many cathode-ray oscillograph time- 
voltage records were obtained during 1928, 
1929, and 1930 of lightning voltages on line 
conductors. The first oscillogram of this 
nature was obtained during 1928 at the 
Wallenpaupack laboratory. Another was 
occasioned during 1930 by a typical nega- 
tive stroke close to the oscillograph, and, 
contacting the conductor to which it was 
coupled, and, causing line insulation flash- 
over less than 100 feet away showed a 
negative rise in voltage exceeding 2,760 kv 
and with a rate of rise of 1,540 kv per micro- 
second between the ranges of 750 and 2,760 
ky. This record is believed to be the only 
one of its kind ever obtained. 


10. Unfortunately, the High Knob light- 
ning laboratory equipped with a cathode- 
ray oscillograph and special cameras has 
failed to obtain any important data. This 
has been due to failure of strokes to contact 
the lightning rod on the structure over the 
laboratory building, or the overhead ground 
wires within one span, during periods of 
laboratory operation. The lightning rod 
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6, 1937, 1938, and 1939 by negative 
okes measuring 33,000, 62,000, 38,000, 
nd 17,400 amperes, and strokes measuring 
5,000 and 47,000 amperes occurred to the 
erhead ground wires in the immediately 
adjacent spans during 1936 and 1938. Of 
th e 25 large strokes measured to the counter- 
oise section of line between 1935 and 1941 


1 


3 were to lightning rods on the five towers 
atop High Knob summit. 


1. 4 None of the measuring devices or 
auxiliary equipment used has ever caused a 
service interruption, and none has ever 
failed with the exception of a few lightning- 
stroke recorders connected to measure volt- 
age near tower footings. 
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I. Introduction 


HE operation of transmission and 

distribution lines in the high altitudes 
of the Rocky Mountain region had indi- 
cated that lightning strokes were not so 
severe as at lower altitudes. Also glow 
discharges or corona currents from the 
earth have been observed at high altitudes 
from pointed objects and rocks. This in- 
vestigation was made to determine the 
probable lightning current at altitudes 
from 6,000 feet to 13,500 feet and to meas- 
ure corona current. It has been found 
that the probable stroke current decreases 
with increase of altitude from sea level to 
approximately 18,000 feet altitude at 
which point it appears that no current 
would be present. The highest mean tem- 
peratures at 18,000 feet do not exceed 32 
degrees Fahrenheit, and comparison of 
temperatures in free air at altitudes up to 
13,500 feet check temperatures on the 
earth’s surface and indicate that freezing 
temperatures may limit the formation of 
lightning. 

Measurements of corona current from 
the earth during lightning storms indi- 
cated as much as 480 microamperes with 
a potential gradient of 94 kv per foot. 


II. Description of Line and 
Territory 


The Shoshone—Denver 100-kv transmis- 
sion line of the Public Service Company of 
Colorado was constructed in 1908 and 
1909 on steel towers and is not equipped 
with overhead ground wires. However, a 
single continuous counterpoise wire has 
been installed from Leadville to Denver 
and a double counterpoise over the high 
passes at Argentine and Hagerman. Fig- 
ure 1 shows a profile of the line and the 
location of the counterpoise wire and mag- 
netic links. These counterpoise wires are 
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buried in the ground to a depth of approxi- 
mately one foot wherever possible. The 
line passes through the heart of the Rocky 
Mountains starting at Shoshone Plant at 
an altitude of 6,000 feet and terminating 
at Denver at an altitude of 5,280 feet, 
passing over the Continental Divide three 
times: Hagerman Pass, altitude of 12,000 
feet; Fremont Pass, altitude of 11,300 
feet; and Argentine Pass, at an altitude of 
13,500 feet. The average altitude of the 
line is about 10,000 feet. 

The type of territory varies widely from 
plains and hills to rugged mountains and 
includes cultivated lands, sand and gravel, 
and various rock formations, some of 
which are mineralized. 


III. Measurements and Measuring 
Equipment 


It had long been noted that lightning 
strokes at high altitudes did not appear to 
be so destructive as at lower altitudes, as 
indicated by the operation of transmission 
and distribution lines and it was assumed 
that the currents in lightning strokes 
might be smaller. Measurements were 
started in 1937 by installing surge-crest 
ammeter links on some of the towers. The 
complete investigation was underway in 
1938 with brackets on certain towers 
where past experience had indicated the 
most lightning activity, and brackets were 
placed on the counterpoise on most of its 
length. The surge-crest ammeter links 
have been described elsewhere.' In some 
cases a complete installation of brackets 
was made on a tower which included four 
legs and eight braces. Figure 2 shows one 
of the typical towers with brackets on one 
of the legs and two braces. 

In 1940 a corona and surge-voltage-re- 
cording installation was made on top of 
Argentine Pass at 13,500 feet elevation, 
and a similar installation a few miles west 
of Denver at about one mile elevation. 

The installation at Argentine Pass is 
shown in Figure 3, and the connection ar- 
rangement in Figure 4. To measure co- 
rona currents at the tip of the lightning 
rod, a recording microammeter was con- 
nected between the lightning rod and the 
ground. For protection of the micro- 
ammeter should a direct stroke hit the 
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lightning rod, an inductance was connected 
in series and a protective gap in parallel. 
Lightning-rod discharge currents are a 
measure of cloud field gradient at the 
earth’s surface. Accordingly, current 
measurements were especially desired im- 
mediately before and after direct lightning 
strokes. Torecord the time of such strokes 
and to measure crest-current values a series 
resistance was inserted in the lightning-rod 
circuit and a surge-voltage recorder con- 
nected across this resistance. Magnetic 
links were mounted on the lightning-rod 
down lead to obtain a check reading of 
crest-current values. Therecording micro- 
ammeter was adjusted to indicate both 
positive and negative currents. The surge- 
voltage recorder, because of its double 
polarity registration characteristics, was 
capable of measuring crest-current values 


Figure 2. Typical tower showing location of 
surge-crest ammeter brackets (circled) on tower 
leg and braces 
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of either positive or negative lightning 
strokes. 

With one such installation at the high 
elevation of Argentine Pass, one at the 
medium elevation of Denver, and a third 
at a much lower elevation on a line in 
Eastern Pennsylvania, it was planned to 
obtain data on discharge levels and polari- 
ties over a wide range of elevations. Ac- 
companying this program of field-data 
taking is a laboratory investigation in 
which the discharge characteristics of 
points under different conditions of elec- 
tric field configuration are being studied. 


IV. Direct-Stroke Record 


After each lightning storm the transmis- 
sion-line patrolmen checked the magnetic 
links, and those which were magnetized 
were sent into the central office where they 
were calibrated and each case studied to 
determine the tower and stroke current. 
This information was co-ordinated with 
the patrolman’s observations of the time 
of day of the lightning storms and loca- 


Figure 3. 
altitude of 13,500 feet for measuring earth 
corona current and surge voltages 


Installation on Argentine Pass at 


Profile | 


tion along the line. This was checked 
with the records and oscillograms of 
Petersen coil operations and line tripouts. 
In this way it was possible to locate where 
one - phase - to - ground, two - phase - to- 
ground, and three-phase faults occurred 
and to determine tower and stroke current | 
for each case. After the stroke current 
was calculated the altitude of the tower 
was determined, and a point was plotted 
on Figure 5 which shows stroke-current 
values against altitude. Table I shows a 
summary of the stroke currents for vari- , 
ous altitude groups, namely, 6,000 to 8,000 — 
feet, 8,000 to 10,000 feet, 10,000 to 12,000 
feet, 12,000 to 14,000 feet, for the four 
years 1938 to 1941 inclusive. Each one of — 
these groups was analyzed individually to 
determine the probable stroke current in 
the group. 

The probable stroke current curves are 
shown in Figure 6. The upper curve has 
been presented by Lewis and Foust? and 
was derived from investigations made at 
altitudes below 2,100 feet. It has been 
used to represent conditions at low alti- 
tudes. The other curves indicate the 
probable lightning current as derived from 
the Colorado investigation for three alti- 
tude groups as well as a summarizing 
curve for this investigation, extending 
from 6,000 to 14,000 feet. The curves in- 
dicate a decrease in probable stroke cur- 
rent with increase in altitude. This con- 
forms to observations over 30 years of 
operation in this district. 

The curves in Figure 6 were studied to 
determine the relation of this decrease of 
current with the increase of altitude. This 
was done by selecting the values of cur- 
rent on the five per cent abscissa line for 
the various altitude group curves of 
Figure 6. Thus were obtained the four 
points in Figure 7 marked with circles, in- 
cluding one point at sea level, one at 
7,000 feet, one at 11,000 feet, and one at 
13,000 feet, and curve A was drawn 
through these points. The average alti- 
tude for each group was used as the ordi- 
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Figure 4. Schematic diagram of earth-corona- 
current and surge-voltage-recorder equipment 
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; Figure 5. Elevation above sea level at which 

_ the strokes occurred on the Shoshone—Denver 

100-ky line and the probable maximum current 

at various altitudes from sea level to 20,000 
feet 


This also shows the current for various per- 
centages of maximum current at the same 
altitudes 


nate. In obtaining the point in Figure 7 
marked with a square, the value of current 
which the highest five per cent of all ob- 
served strokes exceeded was plotted 
against the average of the altitudes at 
which occurred the strokes in this highest 
five per cent. Line B was then drawn 
from the five per cent value for sea level, 
obtained from the upper curve of Figure 6, 
through this last point marked with a 
square. This line intersects the zero eur- 
rent at about 18,000 feet. 

It will be noted in Table I that the 
greatest number of strokes observed was 
in the group from 6,000 to 8,000 feet alti- 
tude. Also, it can be noted in Figure 7 
that the five per cent point for this alti- 
tude group is the closest to line B. This 
shift of the points in the various altitude 
groups has been noted from year to year 
and it is assumed that with a larger num- 
ber of observations the two lines would 
approach an intermediate line indicated 


Table I. 


as line C of Figure 7. The same procedure 
was used for the highest 10 per cent, 15 
per cent, 20 per cent, and 40 per cent of 
the stroke currents, and the resulting 
curves are plotted on Figure 5. All of 
these lines of Figures 5 and 7 appear to 
intersect the zero current at about 18,000 
feet altitude. This had been noted in 1938 
and has continued through each year of 
the investigation. It therefore appeared 
to be of interest to attempt to verify this 
indicated absence of lightning above 
18,000 feet and to attempt to find an ex- 
planation. 


V. Temperature Observations 


Temperature is one of the factors which 
decreases with increase of altitude, and 
studies were made to determine the rela- 
tionship which this might bear to the con- 
clusions previously mentioned. A graphic 
thermometer was set on top of Argentine 
Pass during the summer of 1941 to obtain 
temperatures at 13,500 feet, since the 
highest altitude for which Weather Bureau 
information is available is at Leadville 
which is at an altitude of 10,200 feet. 
Data were also obtained from the Denver 
weather bureau of temperatures in the 
upper air as obtained by balloon sondes 
and described elsewhere.’ Data for the 
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Figure 6. Cumulative curves of probable 

stroke currents from 734 strokes on transmission 

lines at low altitudes,? and 145 strokes to the 

Shoshone-Denver 100-kv transmission line 
at altitudes from 6,000 to 13,500 feet 


year October 1940-September 1941 are 
presented in Table II. The straight lines 
in Figure 8 indicate, for example, the vari- 
ation of temperature with altitude from 
the balloon readings for three days in 
July 1941. The corresponding mean tem- 
peratures for Argentine Pass, Leadville, 
and Denver are also indicated. It will be 
noted that the temperature in free air 
corresponds rather closely with tempera- 
tures at the three locations just mentioned. 
In Figure 9 are similar average curves for 
each month of 1941 and for the year, 
plotted from the data of Table II. This 
figure indicates that the mean tempera- 
tures on the earth at any particular alti- 
tude correspond very closely to those at 
the same altitude in free air, and it ap- 
pears that the temperature which might 
exist at altitudes on the earth at 18,000 
to 20,000 feet would be as indicated in 
Figure 9. This shows that at this altitude 
the temperature never exceeds 32 degrees 
Fahrenheit, which may be a significant 
fact. 

Minser obtained observations from air- 
planes,® and Figure 10 is a generalized 


Range of Probable Stroke Currents at Various Altitudes 


1938, 1939, 1940, 1941 


10,000 to 12,000 Feet 


12,000 to 14,000 Feet 


Altitude 6,000 to 8,000 Feet 8,000 to 10,000 Feet 
Four I Four Four Four All 
Amperes 1938 1939 1940 1941 Years 1938 1939 1940 1941 Years 1938 1939 1940 1941 Years 1938 1939 1940 1941 Years Years 
; y ? d FO eege Olay, SoM: coker 42 
1000= 5,000. .... Gia 3 Ta eee tO. asics a eos Diss ace) tous HO eae is Deg cle oP RO teats 1s Oaks 7 oe Oe eirdat 
5,001- 10,000..... an Ce rere ee St). Oraae aa ern Bs: « Oueseilar soe Barsvenate sae dO -1....0.. ) aa 
10,001- 20,000..... Te. (ne ae a eee gee Vos Ve ae peck he eae De 0. eines eee 42 
20,001- 30,000..... ee ee ee Pee. OC en Dae jee AS... Oe hs PP Uee Roe ee itr tik hte} 13 
30,001- 40,000. 5. teen Fee Oey LA. ancs.re NE (CIO Nps ni th Syarahe as De OR is Oe Sitar isnaterass De Os iO earl Obra) cre ciecee 14 
40,001- 50,000..... 0 desc aed iter oF. ‘Vorce. ih. jean Ween. Cas ee Pe hide OMT he 
50,001— 60,000..... 0 il “Ol. 527 Gees ce 1 ; 
60,001— 70,000..... 0 ONO Oe 0 ° 
70,001— 80,000..... 0 0 P< peat aee 0 p 
80,001— 90,000..... 1 1 SO eee Oey 
90,001-100,000..... 0 0 Pe Oe ope done, sek Ce “4 = a a 2 = =. eh = 
LOCAL siete chor cistete eee DR ee ee oe o4 IS Apert Papi © 1 (age LCM § Ye nae Nols Bt Ten oe BY Pa a hgh OR GON ahs eos Sage ee meds ahicecheyte a 
REGATKERQOLaT, Bo de oH OC ORG On Dod Dae wen OOS She oe eer ereiats etevectittstarexer evs Mi RE ere te reiciteis srotelole lite i= sicle aie eleveleys isco s ofa orelere mE eiwicieieis 


AprIL 1942, VoL. 61 


Robertson, Lewis, Foust—Lightning Investigation at High Altitudes 


TRANSACTIONS 203 


ELEVATION ABOVE SEA LEVEL-FT, - 


Oo 20 40 60 80 100 
STROKE CURRENT IN 
THOUSANDS OF AMPERES 


Figure 7. Illustrates method of obtaining per- 
centage lines in Figure 5 


Shows the value of the five per cent largest 

strokes occurring in altitude bands of 6,000 

to 8,000 feet, 10,000 to 12,000 feet, and 

12,000 to 14,000 feet, plotted against mean 

altitude for each band. Also shows the 

average altitude of the five per cent largest 
strokes 


diagram showing that at altitudes be- 
tween 12,000 and 20,000 feet there is a 
mixture of sleet and water with tempera- 
tures between 32 degrees Fahrenheit and 
—6 degrees Fahrenheit. This region of 
somewhat mixed charge lies between the 
upper region predominantly positive and 
the lower region predominantly negative. 
From an analysis of a large number of 
actual cases, he found that lightning dis- 
charges to aircraft in flight occur most 
frequently in the zone adjacent to the 
freezing isotherm, that is, from 26 degrees 
Fahrenheit to 34 degrees Fahrenheit. 
The mean altitude at which discharges to 
aircraft were encountered was 10,000 feet 
with a maximum of 18,000 feet and a 
minimum of 2,000 feet, with no one level 
predominant. 

Simpson and Scrace®:also found by 
sending up balloons that a separation of 
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Figure 8. Temperature in free air above 
Denver from balloon sondes up to 25,000 
feet altitude for July 1, 10, 20, 1941, and 
mean temperatures at Denver, Leadville, and 
Argentine Pass on corresponding days 


charges in the cloud takes place, the lower 
portion of the cloud being predominantly 


' negative and the upper portion predomi- 


nantly positive, and that the region of 
separation between the negative charge 
and the upper positive charge occurs at a 
level where the temperature is between 
—10 degrees centigrade and — 20 degrees 
centigrade (14 degrees Fahrenheit and 
—4 degrees Fahrenheit), as shown in 
Figure 11. The recording thermometer 
on Argentine Pass near the microammeter 
showed temperatures ranging from 26 
degrees Fahrenheit to 51 degrees Fahren- 
heit at times when records of corona dis- 
charge were obtained. 

Transmission line patrolmen have ob- 
served for a long time that lightning might 
occur in a snow storm, but it had also 
been noted that under these conditions 
the temperature was near freezing and ac- 


Table Il. Balloon Sonde Temperatures in Air Above Denver and Mean Temperatures at 
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**Average of observations at noon and midnight. 
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Figure 9. Balloon sonde mean temperatures 

above Denver for January through September, 

and for the year 1941, for altitudes up to 

25,000 feet, and mean temperatures for same 

months at Denver, Leadville, and Argentine 
Pass 


companied by wet heavy snow. This has 
taken place at all altitudes. 

All of these observations indicate some 
correlation between temperature and alti- 
tude and the presence or absence of light- 
ning discharges, but the exact relation is 
still somewhat obscure. However, the ob- 
servations do indicate that freezing tem- 
peratures may limit the formation of 
lightning. 

Another set of contributing factors per- 
tinent to the decrease of lightning current 
with altitude are the following: The 
breakdown strength of air decreases about 
three per cent per 1000 feet, so that at the 
altitudes of this investigation the break- 
down strength of air varies between ap- 
proximately 60 and 80 per cent of the sea 
level value. With less voltage available 
between cloud and earth, it would be ex- 
pected that the lightning-current values 
would be lower. Furthermore, it is pos- 
sible that in some cases the line itself is 
very close to the cloud, if not in the cloud. 
In such cases the difference of potential 
between cloud and line would be very 
small. In such high altitudes many dis- 
charges would be expected, each of small 
current magnitude, and further, some alti- 
tude would be reached at which disruptive 
discharges would be of insignificant pro- 
portions. This is for the reason that the 
projection of the mountains into the cloud 
regions limits the accumulation of charges 
by increasing cloud-to-ground leakage, at 
the same time precipitating discharges 
before cloud charge can build up to aver- 
age low-altitude lightning proportions. 
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WI. "Effective Ceintetaiss 
Resistance 
‘ : 
Tower-footing resistance tests were 
made in 1934, using ground Megger, be- 
fore counterpoise wires had been installed. 
This was a very dry year with only 8.93 
inches precipitation which was 63.5 per 
cent of normal. Tests were made on vari- 
ous towers ranging in altitude from 6,000 
o 13,500 feet and located in various types 
of earth including clay or loam, sand and 
gravel, and rock. The resistances are 
plotted in Figure 12 against altitude and 
found to vary from 40 ohms to 950 ohms. 
‘The same towers were tested again in 1935 
when the precipitation was 17.2 inches or 
21.8 per cent in excess of normal. The re- 
‘sults are also plotted in Figure 12 and 
show that the resistance varies from 30 
ohms to 360 ohms. These curves indicate 
that the moisture had a considerable in- 
fluence on resistance values. The curve 
also shows that the resistance increases 
with increase in altitude. This may be 
accounted for by washing of salts from 
the ground by rains and snow and by the 
high-resistance type, of rocky territory en- 
countered at high altitudes. 

During the course of observation of 
lightning strokes and their measurements, 
the record of the one-phase-to-ground, 
two-phase-to-ground, and _ three-phase 


Figure 10. Generalized diagram by Minser,® 
showing the distribution of meteorological 
elements and mechanism of the separation of 
electrical charges in a typical thunderstorm 
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faults was noted. This was obtained from 
automatic oscillograph, Petersen coil 
operation, and relay indications. The line 
operation was co-ordinated with the 
stroke measurements to determine what 
type of fault occurred. For the four years 
covered by the investigation, 145 strokes 
were recorded, of which 56 produced 
single-phase-to-ground faults, 20 two- 
phase-to-ground and 5 three-phase faults, 
64 strokes were observed where no line 
faults were produced. It is probable that 
a majority of the strokes occurred to a 
conductor, thus causing flashover at an 
adjacent tower, sometimes with very little 
current in the stroke. If the stroke cur- 
rent were of sufficient magnitude so that 
the product of current times footing re- 
sistance exceeded the flashover of the in- 
sulator strings, then one or two additional 
phases might flashover, possibly in- 
fluenced by the phase position of the gen- 
erated voltage. Strokes to towers would 
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Figure 11. Generalized diagram by Simpson 

and Scrace,’ showing air currents and distri- 

bution of electricity in a typical heat thunder- 
storm 


flash over one, two, or three phases, if the 
tower were raised in potential above the 
insulator string flashover, the number of 
phases depending on the condition of the 


' individual strings and the phase position 


of the generated voltage. 

Table III shows the length of counter- 
poise at which readable values of current 
were read. These distances are plotted 
against current magnitude in Figure 13. 
This figure indicates that the greater the 
lightning current the greater the distance 
readable current was carried by the 
counterpoise. A possible explanation for 
this is that the larger current values are 
associated with more extensive clouds. 
The electrostatic field under these clouds 
covers a large area, and on the occurrence 
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Figure 12. Tower-footing resistance for eleva- 

tions from 6,000 to 13,500 feet above sea 

level for the dry year of 1934, and the wet 
year of 1935, as measured by Megger 
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Figure 13. Length of counterpoise at which 
readable values of current were read for 
various tower currents 


Triangle points are from Table III 


of a stroke, thereby collapsing the field, 
current flows from the entire area into the 
stroke. Much of this current makes its 
way to the extensive counterpoise system, 
which offers a low resistance path to the 
tower involved in the stroke. However, 
since only a portion of the entire counter- 
poise is involved with any one cloud, the 
effective resistance of the counterpoise is 
always somewhat greater than indicated 
by Megger measurements, which presum- 
ably include the entire length of counter- 
poise. 


VII. Cloud-Field Current 
Measurements 


Investigational work on the high alti- 
tude Shoshone—Denver line provided an 
excellent opportunity to study discharge 


Figure 14. Corona-current record obtained 
on Argentine Pass during storm of August 21, 
1941 
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Figure 15. Thermometer record at Argentine 
Pass during the period corresponding to the 
corona record of Figure 14 


currents from the ground surface during 
lightning storm periods. Such corona 
streamers had been observed visually on a 
number of occasions, but had never been 
measured. Accordingly, the measuring 
equipment described in section III was 
set up at Argentine Pass and near Denver 
in 1940 and again in 1941. No direct 
strokes occurred to the lightning rods and 
no surge-voltage records were obtained. 
Discharge-current records for 51 storms 
were obtained on the Argentine Pass in- 
stallation during the 1941 lightning sea- 
son. In Table IV are summarized all rec- 
ords obtained at Argentine Pass and at 
Denver. The latter are few in number, 
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particularly because the recorder was not 
in operation during a portion of the period 
of data taking. This table shows time of 
occurrence of a storm, the maximum am- 
plitudes of both positive and negative 
polarity currents occurring in each storm, 
the temperature at the beginning and end 
of the storm, and an estimate of the cloud- 
field gradients at the earth as indicated by 
the corona current. 

In the specimen record of Figure 14 ob- 
tained during the storm of August 21 from 
9:00 p.m. to 10:30 p.m. it will be noted 
that beginning at 9:10 and extending over 
a period of some 20 minutes, sharply in- 
creasing corona currents were repeatedly 
interrupted by discharges, undoubtedly 


Figure 16. Corona-current record obtained 
on Argentine Pass, July 15, 1941 
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Bue to nearby lightning strokes. The ex- 
treme deflections of the microammeter 
pointer which leave only single line traces 
on the record show that a lightning stroke 
occurred with resulting abrupt change in 
field gradient. The amplitudes of these 
wide swings are due partly to sudden re- 
lease of induced charge in the lightning 
rod, that is, induced surge voltage and 
overswing of the sensitive instrument 
movement. Following this early period 
of the storm came a steady flow of rod dis- 
charge current extending over a period of 
about 40 minutes and of negative polarity. 
During the next five or six minutes there 
occurred a gradual change of cloud field 
from negative to positive polarity without 
the sharp lightning stroke changes and ap- 
parently due to the movement of a posi- 
tively charged portion of the cloud to the 
vicinity of the lightning rod. Several rec- 
ords of this general type were obtained 
during the 1941 lightning season. In 
Figure 15 is reproduced the thermometer 
record at Argentine Pass during the period 
corresponding to Figure 14. 


Typical of a storm not accompanied by 
frequent nearby lightning discharges is 
the record shown in Figure 16 and ob- 
tained at Argentine Pass on July 15 from 
6:50 p.m. to 8:20 p.m. This record shows 
a gradual increase in gradient beginning 
at 7:05 p.m. over a period of 10 minutes 
and reaching a high negative gradient of 
94 kv per foot at 7:15 p.m. At this time, 
a single stroke discharged this high gradi- 
ent down to about half of its previous 
maximum level. Continuing, the gradient 
changed gradually to positive in about 20 
minutes, building up toa gradient of 75 kv 
per foot, which disappeared within three 
or four minutes time, presumably as this 
portion of the cloud moved away from the 
lightning rod. 

In considering the records obtained at 
Argentine Pass, it is well to carry in mind 
that this elevation places the lightning rod 
well up into the cloud field on many oc- 
casions. Under these conditions the ideal 
case of a lightning rod projecting from the 
earth surface up into a uniform field is not 
obtained. Such an arrangement could, 
therefore, not be used in the laboratory to 
calibrate for gradients indicated by the 
Argentine Pass setup. The tip of the 
lightning rod at Argentine Pass extends 18 
feet above the level of the earth surface 
and it is presumed that cloud charges may 
at times be within a very few feet of the 
rod. Accordingly, in the laboratory cali- 
bration, corona currents were measured 
for a long rod extending more than 10 feet 
above the grounded plane with the tip 
located only four feet away from a high 
potential plane which was some three feet 
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in diameter. Voltage from a continuous 
voltage-rectifying- -type generator provid- 
ing up to 500 kv was applied to the high 
potential plane over a wide range of volt- 
age levels of both positive and negative 
polarity. Corresponding rod currents 


Table III. 


were measured for each voltage level ap- 
plied, The figure for voltage gradient was 
obtained by dividing applied voltage by 
the distance between rod tip and high 
potential plane.. Correction was made for 
the relative air density of approximately 
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0.6 at Argentine Pass. The positive and 
negative current values were about equal 
for the same voltage levels. The use of 
such a laboratory setup, of course, in- 
volves speculation as to field conditions 
and means that the gradients indicated 
are at this time only approximate. How- 
ever, additional field and laboratory data 
and its correlation will provide more posi- 
tive results as the investigation proceeds. 

In columns 5 and 6 of Table IV, maxi- 
mum current values for each storm are 
tabulated. Both positive and negative 
values are recorded for about 80 per cent 
of all storms, the remaining 20 per cent 
giving either positive or negative current 
exclusively. Discharge currents ranged 
up to 480 microamperes both positive and 
negative. A positive instrument current 
means that the rod tip is positive relative 
to the ground and indicates a positive- 
inducing cloud field. A negative current 
means that the rod tip is negative relative 
to the ground and indicates a negative- 
inducing cloud field. Planimeter surveys 
of all records show that integrated time 
and amplitude for positive polarity clouds 
was 55 per cent and negative polarity 
clouds 45 per cent. 

Columns 7 and 8 of Table IV give 
equivalent voltage gradients as indicated 
by the laboratory calibrations previously 
described. These gradients range up to 
94 ky per foot. In 1930 two of the authors 
reported field-gradient measurements at 
the ground surface up to 87 kv per foot at 
about 1,200 feet above sea level.’ These 
early results were obtained on an in- 
strument of the ballistic galvanometer 
type which was connected to the cloud 
field through a capacitance arrangement 
and which recorded only on the occurrence 
of a lightning stroke. The average rec- 
ord was below 10 ky per foot. The new 
measurements range substantially above 
the earlier values as would be expected due 
to the close proximity of the cloud to the 
lightning rod. 
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VIII. Conclusions 

1. One hundred and forty-five stroke cur- 
rents were measured at high altitudes, rang- 
ing in value from 2,000 to 96,800 amperes, 
with 64 per cent negative and 36 per cent 
positive. These figures should be compared 
with figures for low-altitude transmission 
lines, in which approximately 95 per cent 
of the strokes were of negative polarity and 
5 per cent positive. It is possible that on the 
high altitude line, where the line may at 
times be within the cloud, the positive por- 
tion of the cloud may be discharged to the 
line more frequently than in the normal 
case, 


2. Strokes caused 56 one-phase-to-ground 
faults, 20 two-phase-to-ground faults, and 
5 three-phase faults. The remaining 64 
strokes caused no line disturbances. 


3. The observed stroke current decreases 
with increase of altitude from sea level to 
13,500 feet. 


4. Results indicate that there may be no 
lightning strokes if the ground level is above 
an altitude of 18,000 feet. 


5. The mean temperature at an altitude of 
18,000 feet in free air above Denver never 
exceeds 32 degrees Fahrenheit. 


6. Mean temperatures which would prevail 
af the earth’s surface were at 18,000 feet 
elevation may be the same as that obtained 
from the Balloon Sondes and may never 
exceed 32 degrees Fahrenheit. 


7. The mean temperature for Leadville 
(altitude 10,200 feet) and Argentine Pass 
(18,500 feet) conforms very closely to tem- 
peratures at corresponding altitudes in free 
air as obtained by Balloon Sondes at 
Denver, 


8. This investigation and other observa- 
tions indicate that freezing temperatures 
may limit the formation of lightning. 


9. The length of counterpoise at which 
readable values of current were read in- 
creases directly with increase of stroke cur- 
rent. 


10. Current in tower legs and braces di- 
vides approximately as the cross-section 
area of the steel, although erratic readings 
were obtained in many cases. 


11. Counterpoise wires carried practically 
all the current with little in tower footing. 


ve 


12, The microammeter measuring earth 
discharge at Argentine Pass showed indica- 
tions for 51 different storms up to 480 micro- 
amperes. Potential gradient was calculated | 
from these records up to 94 kv per foot. 


13. Polarity characteristics of field gradi- 
ents at 13,500 feet as determined by the 
integrated area under the amplitude-time 
curves, were 45 per cent negative and 55 per 
cent positive. Comparison of maximum 
discharge currents per storm also showed 
positive and negative polarities to be about 
equal. Particular storms, however, are 
occasionally predominantly positive or 
negative. ; 


14. The Shoshone—Denver line passes over 
an area of differing geological formations 
but, except for resistivity, these formations 
do not appear to influence the locations 
where lightning strokes occur nor the value 
of current in a stroke. In fact, contour of 
the ground and its relation to the direction 
of travel of the storm appears to have more 
bearing on the location of the strokes than 
geological formations. 
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To: development of interconnected 
‘ systems has required improvements 
in the manual and automatic control of 
load, frequency, and time. The speed 
governors of the prime movers have al- 
ways provided the medium for supple- 
mentary control of frequency, load, and 
time. Experience with various types of 
control devices and the factors influencing 
their functioning have been discussed 
frequently in the technical literature. 
Recently the problem has been given re- 
newed attention!—§ with an effort to corre- 
late experience with theory and to pro- 
vide a basis for determining the proper 
characteristics of governors? and _ their 
supplementary control. 


In attacking this problem, the authors 
and their associates first made an analysis 
of the prime-mover governors when per- 
forming their essential function of speed 
control.? Such an analysis was neces- 
sary to provide the required background 
for the problem of system control of fre- 
quency and load by means of supplemen- 
tary devices. The work on prime-mover 
governors resulted in conclusions as to 
their desirable characteristics. This 
paper presents what appear, from analy- 
sis and experience, to be logical conclu- 
sions as to the proper characteristics and 
functions of the supplementary control 
devices, and, accordingly, is a sequel to 
the previous paper dealing with prime- 
mover governors.” At the same time this 
is a companion paper to the one by Con- 
cordia, Weygandt, and Shott,® presenting 
the results of an analysis of tie line con- 
trol. The problems of load, frequency, 
and time control have usually been 
treated as related to the operating prob- 
lems of particular systems. This paper 
has as its purpose a discussion of the vari- 
ous factors which apply more generally 
for all types of systems. 


System Operation 


Economic generation of power, to al- 
ways meet the demand, to satisfy trans- 
mission facilities, and, at the same time, 
keep frequency and time within certain 
limits, gives rise to a variety of problems. 
Every power system or section of a power 
system is subjected under normal condi- 
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tions to load changes of rather large mag- 
nitude during the course of its daily op- 
eration. Most systems have appreciable 
load “drop offs” and “pickups” during 
the morning, noon, and evening hours. 
These load changes may be of the order 
of one to two per cent of system capacity 
per minute. Around the average load 
may be a fringe due to loads which are 
more rapidly applied and removed. Also, 
occasionally emergencies arise which will 
cause sudden changes in loading and fre- 
quency. 

The characteristics of all the control 
devices of a system, whether automatic 
or manual, determine its performance 
during these changes and readjustments. 
The co-ordination of the functioning of 
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Figure 1. Interconnected system 

where frequency regulation in area 

B and tie-line control at A,C, D, 
and E is sufficient 


these devices becomes increasingly im- 
portant with the number of interconnec- 
tions and the size of the individual loads 
which may be applied, and the intelligent 
solution will necessarily be a compromise 
among all the requirements involved. 
After reviewing the factors which appear 
to be essential for the proper control of 
generator output, tie-line load, frequency, 
and time, we have reached the following 
conclusions: 


1. The duty on the regulating stations can 
be reduced, for the same allowable frequency 
deviation, by using more governors which 
have the proper characteristics. 


2. Automatic frequency control may be 
obtained with simultaneous operation at 
several stations provided with time-error 
droop correction. 


3. Maintaining absolutely flat frequency, 
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time and tie-line loads is an unnecessarily 
severe requirement. 


4. The required rates of response on the 
larger systems, with a reasonable amount of 
regulating capacity, are well within the 
ability of the prime-mover equipments and 
controllers. 


5. Large rapid load changes are difficult 
to confine to an area because of limitations 
in energy supply and of inherent time lags. 


The following discussions of the 
essential factors support the above con- 
clusions. 


SysTtEM SPEED GOVERNORS 


All of the active speed governors of a 
system tend to support the frequency fol- 
lowing system changes in load. Their 
contribution is made at a rate comparable 
with the rate at which the loads are usu- 
ally applied. Parallel-operated machines 
require some regulation in order to oper- 
ate properly in parallel. A previous in- 
vestigation! has indicated that the opti- 
mum regulation in order to keep the fre- 
quency deviation to a minimum, without 
resulting in undue or unnecessarily long 
periods for the readjustment to take place, 
was of the order of about six per cent in- 
cremental regulation for steam units. 
Also, in practice hydroelectric units with 
droop-correction mechanisms usually end 
up with an adjustment of around five per 
cent on the larger systems. 

Tests on systems indicate that the com- 
posite or effective system regulation is 
considerably greater than the optimum 
and may be more of the order of 10 to 20 
per cent because of dead band, operation 
of some machines with blocked governors, 
and operation at wide open valve points. 
An approximate characteristic for some 
systems has been found to be a one per 
cent load change for a 0.1 of a cycle fre- 
quency deviation. This corresponds to 
an over-all system regulation of 17 per 
cent. This difference between over-all 
system regulation and the regulation of 
an individual unit tends to encourage 
blocking the governors of the new and 
efficient units with modern governors so 
that they will not be able to take more 
than their share of load changes. This 
aggravates the situation by resulting in a 
still larger composite regulation. Expe- 
rience has indicated that the lower the 
composite regulation of a system (not so 
low as to result in too small damping) the 
smaller will be the frequency change re- 
sulting from a suddenly applied or re- 
jected load of a given magnitude. Thus, 
the more correct solution®" would be to 
increase the number of active governors 
and decrease the dead band of all these 
governors to as small values as is practi- 
cal, 
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It should be recognized that, until a 
reasonable percentage of capacity is 
equipped with governors having small 
dead band and more uniform incremental 
regulation, units with improved governors 
will be doing more than their proportion- 
ate share of governing. If a steam unit 
has a six per cent incremental regulation 
and no dead band, the load change on 
that unit for a +0.1 of a cycle fringe in 
system frequency will be + 3 per cent 
of rating. If the instantaneous frequency 
deviation is reduced to +0.05 of a cycle 
by an over-all improvement in governing 
alone, the change in load on such a unit 
will be reduced to +1.5 per cent of rating, 
without any increase in regulating station 
rates of response. Thus, the support of 
system frequency would be distributed 
among units having more nearly the opti- 
mum regulation, and comprising a greater 
percentage of the system capacity. This 
would result in more rapid damping of 
load oscillations and in more stable opera- 
tion, with less frequency deviation. Fur- 
thermore, the load changes on individual 
plants which were not assigned the duty 
of regulating would be so small that they 
could be considered essentially base-load 
stations. This improvement in system 
performance is the reward for reduction 
of dead band and for the employment of 
governors having more uniform incremen- 
tal regulation. It is important, on the 
other hand, to realize that the regulation 
of individual units should not be made 
less than the optimum, for then the fre- 
quency fringe may actually be increased 
rather than decreased. Since there exists 
an optimum regulation it does mean that 
{even though it is not particularly criti- 
cal) if the regulation of system is too 
small, an unnecessarily long time for the 
damping out of frequency oscillations may 
be required, while if it is too great, the 
frequency deviation may not be as small 
as could be realized otherwise. 


Exceptions arise in system operation 
when it may not be desirable to have all 
units operating with active governors. 
It may be desirable to block the governor 
for small frequency changes (for example, 
a magnetic pull-out device’) of a steam 
unit at light load in order to prevent vari- 
ations in output which may be large in 
comparison with the load the unit is 
carrying, although small in comparison 
with its rating. Also, for a base-load 
unit with high efficiency or with a boiler 
and boiler control unable to cope with the 
normal load changes, it may be consid- 
ered necessary or advisable to operate 
the unit blocked. These exceptions, how- 
ever, are less likely to exist when a larger 
number of units are operating with active 
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governors and the frequency deviations 


are carefully kept within close limits by — 


supplementary control. 


FREQUENCY CONTROL 


Allocating the system generation has 
ordinarily been accomplished among gen- 
erating stations by communicated dis- 
patches. The control of frequency and 
the responsibility for holding frequency 
can, of course, be distributed in this same 
manner. However, to hold frequency 
within close limits requires a constant re- 
adjustment at the regulating stations. 
It was a very natural step that this duty 
should be largely taken over by automa- 
tic control and should be assigned to 
particular stations whose incremental 
costs, depending upon the system loading, 
were such as to make them the most eco- 
nomical units for this control. Many 
systems are operated under a semiauto- 
matic and manual control of frequency. 
The frequency regulating station is 


Interconnected system where fre- 
quency regulation may be used advantage- 
ously in areas B, E, and F with tie-line control 


at A, C, D, G, H, and! 


Figure 2. 


changed during the day or the loading of 
other units of the system is changed in 
order to allow the regulating units to op- 
erate within their capacity to hold fre- 
quency. The use of automatic control 
at the station or stations which are as- 
signed to the duty of holding frequency 
at a particular time relieves the operating 
personnel of a very onerous task. In addi- 
tion, since automatic control is constantly 
at work restoring frequency to normal, 
closer frequency regulation is obtained 
with the result that there is less tendency 
for manual stations to contribute by their 
own initiative. This usually results in 
better system operation and less unneces- 
sary transfer of load between stations. 
In general, the loads which are most criti- 
cal to frequency deviation on a system do 
not require as close a frequency regula- 
tion as is desired, by the system opera- 
tors, for the best operation of the system. 

It has become general practice to use 
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one station for holding frequency and 
time. The other regulated units control 
tie-line loads. In systems of this type, one 
station of the whole interconnected group, 
no matter how large, or a group of closely 
tied stations, controls frequency. This 
has come about naturally, it being a 
fairly easy way to distribute the responsi- 
bility among regulated stations and still 
use the simplest type of control. This 
type of control is particularly well- 
adapted to a system interconnected*” as 
shown in Figure 1, where the other sec- — 
tions of the system are separated from 
the section holding frequency by only a 

few tie lines. These other sections can be 

assigned the duty of holding tie-line loads. 


However, for the type of system shown 
in Figure 2, it becomes more difficult to as- 
sign the individual stations or areas to 
regulate tie-line loads and it may become 
simpler for two or more stations to be as- 
signed the responsibility of regulating 
frequency. This is not readily accom- 
plished by the ordinary method used in 
frequency regulated stations of having a 
controller which holds essentially flat 
frequency without any direct control of 
time error. Parallel operated frequency 
controllers of this type have been oper- 
ated when it was possible to have slow 
rates of response and to keep the two sta- 
tions in range together by frequent com- 
municated dispatches and manual read- 
justments. Completely automatic paral- 
lel operation can be accomplished, how- 
ever, by providing the frequency regulat- 
ing stations with mechanisms which 
measure accurately the time error and 
proportion their contribution to the fre- 
quency regulation of the system in propor- 
tion to their assigned regulating capacity 
and the time-error deviation. This con- 
trol principle has been successfully used 
for many years and provides means for 
automatically dividing responsibility by 
what has been termed time-error droop 
correction,!® employing a time-error range 
which is well within practical require- 
ments for electrical time on the systems, 
that is, one second for complete regulating 
range. 


ACCURACY OF STANDARDS, TIME, AND 
FREQUENCY Limits 


Reasonable electrical time accuracy is 
one of the by-products of automatic fre- 
quency control. In fact, it is not difficult 
to provide acceptable electrical time on 
manual control with a master clock and 
Arlington time as reference. 


In their enthusiasm, some operating 
groups, when operating as independent 
systems, endeavored to maintain very 
close to flat time. In principle, this 
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s “required and vice versa, resulting 
in much unnecessary correction at the 
egulating station. This principle of op- 
ation is particularly troublesome in an 
terconnected area and imposes an un- 
necessary transfer across tie lines and an 
unnecessary burden on the regulating 

tations. Most systems have abandoned 
ts ideal objective and are content with 
keeping time within +1 to 2 seconds 
which is relatively easy to obtain, pro- 
viding the regulating stations are always 
kept within range. 

Flat frequency-control devices employ- 
ing resonant circuits are not inherently 
good time standards. A continuous error 
of 0.01 of a cycle will integrate 14 seconds 
error in a 24-hour period. Thus, it is 
customary to supplement this type of 
control with some form of time standard, 
such as master clock, tuning fork, or 
crystal oscillator. The ultimate in time 
standard, of course, is a common con- 
tinuous master frequency or time.‘ At 
present, the cost of the necessary equip- 
ments is the only obstacle to a widespread 
adoption of a common master standard. 


Any of the available time standards is 
sufficiently accurate for backup purposes, 
as a supplement to straight frequency 
control so far as system time is concerned. 
Ordinary master clocks have an accuracy 
of one second per day; tuning forks one- 
half to one second per day; crystal os- 
cillators about 0.1 second per day, and 
even Arlington time sends out its correc- 
tion log sheets at the end of each month— 
revealing that its daily time signals may 
be off as much as 0.1 second. With any 
of these time standards, it will still be 
necessary for a system to have a correct- 
ing period, probably during early morning 
hours, to correct for drift in time standard 
or for system errors which may have ac- 
cumulated when the controlling stations 
were not kept within range. 


In appraising the value of a continuous 
master frequency, it should be kept in 
mind that it does not improve the paral- 
lel operation of flat frequency regulators. 
It merely applies equal amounts of cali- 
bration to all controllers in terms of the 
differential between system time and 
master time with the result that system 
time is maintained within prescribed limits 
and load equalization must still be 
accomplished by communicated  dis- 
patches and manual readjustments. 

In contrast to this, the application of 
a master time standard to frequency con- 
trollers using the time-error droop prin- 
ciple results in perfect parallel control. 
Thus, the several frequency-covtrol areas 
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shown in Figure 2 may be used in any 
combination without frequent communi- 
cation and without readjustment, except 
to satisfy changing system conditions, 

The advantages of time-error droop 
control will be recognized as intercon- 
nections become more widespread and the 
number of frequency-regulating stations 
increase, 

During the steady load periods the 
larger interconnected areas are able to 
maintain frequency within +0.05 of a 
cycle and these limits may increase to ap- 
proximately +0.15 of a cycle during the 
rapid load changes. On smaller systems 
the steady fringe is more nearly +0.1 of a 
cycle and the swings may reach +0.25 of 
a cycle during pickup and drop-off inter- 
vals. The sudden load changes that are 
applied to the larger systems are neces- 
sarily smaller in proportion to the total 
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teristic of modern boiler with convection-type 
superheater 


capacity than may occur on the smaller 
systems—thus causing smaller frequency 
deviations for similar governor perform- 
ance. 


Tie-LINE CONTROLLERS 


The control of frequency on an inter- 
connected system is ordinarily a compara- 
tively easy assignment and does not re- 
quire a particularly fast rate of response. 
The tie-line controllers, on the other 
hand, are required to hold the tie lines 
within certain limits in order to prevent 
pulling out of step, overloading, or too 
great or long a load deviation from the 
assigned tie-line loadings, and it is logical 
that the tie-line controllers should have a 
proportionately faster correction rate 
than that of frequency-regulated stations. 
This also results in a more quickly bal- 
anced system after a load change occurs 
in that the generating capacity within 
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the area in which the load change has 
taken place quickly picks up the load 
without requiring an unnecessary change 
in the frequency regulating station. As 
the regulated capacity responding to tie- 
line control increases, it is important to 
reduce the amount of unnecessary correc- 
tion. This may be accomplished by em- 
ploying the well-known principle of fre- 
quency bias.’ Briefly, by combining fre- 
quency deviation and tie-line watt devia- 
tion, it is possible to determine the loca- 
tion of the net load change associated 
with these deviations, that is, whether it 
is internal or external to the area, and the 
tie-line controller thus responds for the 
portion of the load change within that 
area, and when properly adjusted allows 
the tie line to contribute to external load 
changes, by an amount equal to the com- 
posite governor regulation of that area. 


In a closely knit system operating with 
a frequency control alone, the control may 
be as rapid in response as is permissible 
for frequency stability provided there is 
sufficient energy supply. In the limit this 
type of system could approach a single 
unit with a governor having zero speed 
droop and having as small a droop-correc- 
tion time lag as may be obtained with 
stability. 

The kilowatt transfer between two 
systems is not a steady quantity. Load 
changes in the several areas are continu- 
ally being applied, and system constants, 
together with existing governor dead 
bands, do not produce critical damping 
to the original oscillation. Before the tie 
line has steadied down following a load 
change, another load change has appeared 
with the result that almost a continuous 
oscillation exists. This oscillation in’ 
watts may be as much as ten per cent of 
the tie-line capacity and occurs at a pe- 
riod varying between one and five seconds, 
depending upon the system inertias on 
either end and the synchronizing coeffi- 
cient of the tie line. Thus, the watt sen- 
sitive element in a tie-line controller need 
not attempt to follow the instantaneous 
watts but rather the average of the fringe 
watts associated with this relatively fast 
oscillation. 


Types or TiE-LINE CONTROLLERS 


A controller which is in equilibrium 
only when the controlled quantity has 
been returned to its desired value is called 
“the floating type.’’ A controller which 
is in equilibrium when the controlled 
quantity has been returned to a value 
which deviates from the desired value by 
an amount proportional to the controlled 
quantity is called ‘“‘the proportional 
type.” In terms of regulation “the float- 
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ing type” is a flat controller having zero 
regulation, while ‘‘the proportional con- 
troller” has a definite positive regulation. 

Practically all supplementary con- 
trollers of turbine governors are of the 
floating type. The synchronizing motor 
receives impulses, either continuous or 
intermittent, until the controlled quan- 
tity has returned to the desired value. 
The proportional controller may be a de- 
vice which exerts a pull on the governor 
arm in proportion to the deviation of the 
controlled quantity. 

The analysis presented in the com- 
panion paper® shows that equally good 
performance may be obtained from the 
two types of controllers if they are prop- 
erly designed. The proportional con- 
troller requires a sufficiently long time lag 
between the deviation sensitive element 
and the resulting proportional force that 
it exerts on the governor. The floating 
type requires a sufficiently slow rate of 
correction to allow for stable operation. 
Since the latter type is the most easily 
obtained, it is most generally used. 

For quick response a continuous con- 
troller, either floating or proportional, is 
better than an intermittent type. A con- 
troller whose rate of correction or correct- 
ing force is proportional to the deviation 
is capable of better performance than one 
which does not have this proportional 
feature. In all cases, stability may be 
obtained by providing the controller with 
a sufficiently slow rate of correction or 
long time lag. Rates of response consid- 
erably greater than those generally used 
now may be obtained by proper design 
and do not necessarily require the use of a 
stabilizer. For best performance of a 
steam unit, with optimum controller de- 
sign, the governor incremental regulation 
should be fairly uniform at a value of 
about six per cent, with small dead band. 


TELEMETERING 


In many cases the tie line to be con- 
trolled is not adjacent to the regulating 
station, and the watt indication is then 
telemetered. Except in a few special cases, 
relatively slow types of telemetering now 
are being used successfully for indication 
and control purposes. For these special 
cases continuous and instantaneous types 
of telemetering have been successfully 
employed.!#!8 i 


RATE OF RESPONSE 


Systems operating with a large num- 
ber of active governors in good condition 
and with supplementary control will 
have but small frequency deviations for 
the usual load changes. The loads are 
absorbed by the active governors, and 
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then the supplementary control may be 


used to return the average frequency and 
tie-line loads to normal. Under such con- 
ditions the supplementary control need 
not be particularly fast in response, cor- 
responding only to the rate at which the 
average system load changes. This then 
allows for a relatively slow change in the 
output of the frequency-regulating sta- 
tion. It has been found that within limits 
the greater the allowable frequency de- 
parture, the less is the required speed of 
response of the frequency-regulating sta- 
tions. Also, the greater the number of 
active governors, the less is the required 
speed of the response of the frequency- 
regulating station in order to prevent the 
frequency departure exceeding that which 
is tolerable. Operation in this manner 
relieves the frequency-regulating units by 
taking advantage of the diversity of load 
changes and allows them more oppor- 
tunity to correct the frequency at a rate 


consistent with their steam and hydraulic — 


energy supply conditions. The governor 
mechanisms and their control ordinarily 
are capable of allowing for increases in 
load at a rate which exceeds that allowed 
by the steam or hydraulic conditions. 


The steam units of a station, because - 


of the smaller time lags of steam than of 
water, are capable of providing a quicker 
response than hydraulic or hydrogenera- 
tors, if not limited in prime energy sup- 
ply. However, steam plants may be so 
limited in their steam rate and steam 
storage capacity that many steam-gener- 
ating units are limited at the steam-gen- 
eration end. Hydraulic units may, how- 
ever, have sufficient storage capacity but 
may require an appreciable time lag de- 
pending upon ability to change the hy- 
draulic power to the turbine rapidly. 
When all these circumstances are consid- 
ered it may well be that a low head hy- 
draulic plant provides a more rapid means 
for regulating than a steam unit. 


STEAM AND HypRAULIC LIMITATIONS 


The prime-mover energy storage and 
rate at which it may be changed are very 
often the most important limitations of 
the rate of response of a regulating sta- 
tion. In some instances slow boiler-con- 
trol response may be an unnecessary re- 
striction on the amount of load which can 
be quickly picked up. The control of the 
boiler should be such as to allow for as 
rapid change in steam flow as is possible 
without resulting in undue stressing of 
boiler or turbine. Most of the experience 
to date with regulating stations has been 
obtained using lower temperature boilers 
and turbines; some having chain grate 
stokers and others slightly faster under- 
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feed stokers. Limitations in regulating 
rates are established under these condi- 
tions largely by fuel bed condition. 


Very little experience is available on 
the newer high-pressure high-tempera- 
ture boilers and turbines, using pulver- 
ized fuel (with mills having some storage 
capacity) or the somewhat faster response 
gas and oil-fired high-temperature boilers 
as regulating stations. The temperature- 
flow characteristics of a modern boiler 
using convection-type superheaters are 
such as to result in a decrease in tempera-. 
ture with decrease in steam flow; particu- 
larly is this true for flows below point 
a of Figure 3. Also, in a steam turbine 
the temperature distribution changes 
with flow as shown in Figure 4 for con- 
stant initial temperature. This is fur- 
ther aggravated by reduction in initial 
temperature at reduced flows. Accord- 
ingly, a reduction in flow may result in 
temperature difference of an appreciably 
greater magnitude in the turbine than in 
the boiler. The stresses in the turbine and 
also in the boiler depend upon the rate at 
which this change in flow and of tempera- 
ture is made. A given amount of load 
change may be made instantly, while 
larger load changes should be made more 
slowly. This reasoning applies primarily 
to periodic changes, as the stresses due to 
varying temperature changes are more 
likely to result in fatigue stress. Even 
high temperature boilers and turbines 
usually can be expected to withstand 
without fatigue stress the changes in tem- 
perature resulting from instantaneous 
changes in flow of at least 15 per cent of 
rated flow, in the region in which boiler 
temperature is under reasonable control, 
and 100 per cent flow in about 30 to 60 
minutes, depending upon the case under 
consideration. 


The demands of speed governors and 
their prime-mover energy supplies due to 
normal frequency changes do not impose 
a severe burden on the supply. However, 
in units used for regulating purposes with 
supplementary control, it may be neces- 
sary to provide means such that any sup- 
ply limitations may be avoided. It is 
evident from Figures 3 and 4 that con- 
servative practice on a modern high-tem- 
perature installation of this type would be 
to confine the regulating range to flows 
in excess of 50 per cent and to a rate which 
does not overstress the critical locations. 
In this range the temperature changes in 
the turbine are appreciably reduced for 
variations in flow and the regulating 
range and rate may be correspondingly 
increased. In areas responsive to tie-line 
regulators, the burden may be distributed 
over a number of stations and, likewise, 
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Trequency regulators operating in parallel 


iS every justification for believing that 
the number of regulating units will in- 
crease, thereby reducing the burden on 
“any one unit, just as the active participa- 
tion by all units on governors reduces the 
burden. 
; On some present-day systems the regu- 
lating capacity is so distributed as to 
limit the required maximum rate to 10 
_per cent of regulating-unit capacity per 
; minute over a limited range. This may 
be considered a moderate regulating rate 
in comparison with load changes en- 
countered on some smaller systems with 
rough loads. For a system which has a 
rate of load change of one per cent per 
minute this would require a regulating 
capacity of at least 10 per cent of system 
capacity. 
It will be recognized that in case of 
emergency, a boiler and turbine should be 
_ capable of dropping or picking up full load 
almost instantly if operating temperatures 
had been previously established following 
the starting-up cycle. Such operation, 
although tolerable in an emergency, can- 
not be considered good practice if done 
periodically, unless special provision for 
such operation has heen made in the de- 
sign. 


’ 


LARGE Raprip Loap CHANGES 


For those systems in which the sud- 
denly applied load changes are an appre- 
ciable part of the total connected capacity, 
it is found that the frequency deviation 
will be correspondingly greater. If this 
exceeds what is considered a tolerable 
‘limit, it becomes necessary to use supple- 
mentary control having a greater rate of 
response. This then puts a greater bur- 
den on the regulating station, and, in or- 
der to avoid too great a frequency devia- 
tion, it may mean a sacrifice in economy, 
or a provision for larger energy-storage 
capacity, or an increase in the rate at 
which the prime energy is generated. It 
is evident that, except for the change in 
system loading with change in frequency, 
the net load change must be absorbed by 
generating capacity, at the corresponding 
rate of load change. For systems where 
the load change is a large part of the total 
load this may become a serious problem. 

A large strip mill load may have a load 
increase of 30,000 kw in 5 to 20 seconds. 
If it were necessary to follow this load 
change with regulating capacity compa- 
rable with present-day practice on the 
larger systems, over a million kilovolt- 
amperes would be required. Fortunately, 
this type of system is the exception rather 
than the rule. In these systems, experi- 
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ee 
can be used to advantage. Thus, there. 


ence has indicated that the limitation is 
primarily in the available steam supply, 
and when operated as isolated systems, 
speed governors alone are relied on for 
speed control resulting in corresponding 
large frequency changes. Unless special 
provision is made for steam supply ca- 
pacity of the prime movers, large fluctua- 
tions in steam pressure will result. 

Such a system which finds itself sub- 


jected to large suddenly applied loads; 


for example, a strip mill load which is 
large compared with its generating ca- 
pacity, may interconnect with another 
system in order to help absorb the load 
changes. If this is done, the frequency 
deviation will be reduced, and a portion 
of the load change will be transmitted 
across the interconnecting tie. In gen- 
eral, the reduction in frequency devia- 
tion and the load change transmitted 
across the tie will be in proportion to the 
capacity of the external system to the 
total capacity. By interconnecting with 
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Figure 4. Temperature distribution in a mod- 
ern high-temperature steam turbine 


another system in this manner, the local 
system makes use of the additional prime- 
mover energy capacity of the other con- 
nected system, the load changes being dis- 
tributed among an increased number of 
actively governed generators. If the fre- 
quency deviation produced by the rapidly 
varying load is within tolerable limits 
without the use of supplementary control, 
little regulating capacity is needed to 
handle such a load because it will be re- 
moved as quickly as it is applied. Ac- 
cordingly, the supplementary control 
need correct only the average frequency 
deviation. This provides a very practical 
and reasonable method for handling such 
rapidly varying loads. 

Occasionally there has been a demand 
for adequate control of rapid tie-line 
swings. In this case it becomes necessary 
to provide special control. The studies 
which have been made indicate that the 
limitation may not be in the control 
equipment so much as it is in the energy 
supply of the prime movers. From both 
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analysis and experience, hunting or in- 
stability between the regulating units is 
more likely to occur when the rate of re- 
sponse of the regulating units is increased. 
For units which require a higher rate of 
response of their supplementary control, 
it is necessary for their governors to be in 
good mechanical condition with small 
dead band and to be stable mechanisms 
when operating alone. Under these con- 
ditions the rate of response with properly 
designed supplementary control can be 
further increased before the instability 
region is reached (see Figure 21—refer- 
ence 6). The results of the analysis pre- 
sented in the companion paper® indicate 
that with no limitation in energy supply 
the tie-line deviation may be held to 15 
per cent for a continuous controller and 
25 per cent for any intermittent controller 
for a load applied at a rate of 150 per cent 
of regulating capacity per minute, the 
regulated capacity being the total capacity 
of the local area and tied to the major 
system by a comparatively weak tie. 
Both this analysis and experience indicate 
that the control mechanism is not the 
limiting factor, since the energy supply 
limitation makes itself felt earlier. 


Summary 


It appears that the greatest improve- 
ment in over-all system frequency and 
tie-line regulation will be brought about 
by further improvement in the composite 
regulation of the system governing and 
by more widespread and co-operative ap- 
plication of supplementary control equip- 
ments which are already developed. 
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PCC Car Operating Results in Pittsburgh 


W. J. CLARDY 


MEMBER AIEE 


Synopsis: The problem created by the de- 
cline in transit revenues during the depres- 
sion led the Pittsburgh Railways Company 
to initiate a long-range service-betterment 
program. The most important phase of the 
plan was the use of modern street cars, as 
developed by the Presidents’ Conference 
Committee, to replace the earlier types of 
rolling stock on the property. With 301 of 
these PCC cars in service, and 100 additional 
units scheduled for early delivery, sufficient 
data are available to show exceptionally 
favorable operating results. Actual experi- 
ence in service has demonstrated that car 
maintenance comes down 28 per cent, track 
and roadway maintenance drops 21 per 
cent, accidents decrease 25 per cent, the 
number of cars required for specific schedules 
is reduced 10 per cent, and revenues increase 
8 per cent. This favorable outcome has 
caused continued expansion in the use of 
such equipment and established a superior 
urban-transit service. 


EOPLE now have the utility in city 

transit which is so vital to the con- 
duct of daily affairs. The streamlined 
PCC car, which gets its alphabetical name 
from the Presidents’ Conference Com- 
mittee sponsoring its development, pro- 
vides a degree of excellence in public 
travel that has established a superior per- 
formance standard. Pittsburgh was one 
of the first cities to adopt this modern 
transit unit. A fleet of 301 cars is in op- 
eration and 100 additional vehicles are 
under construction. This is the largest 
installation of PCC cars, and, with a total 
of 401, there will be sufficient to operate 
base schedules on all street-car lines. Ini- 
tial service dates back to August 1936, 
and the results are enlightening. Car 
maintenance has decreased 28 per cent, 
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track and roadway maintenance has 
dropped 21 per cent, accidents per 10,000 
car miles have come down 25 per cent, 
schedule car requirements have been 
lowered 10 per cent, and gross revenue 
has increased 8 per cent. 


Operating Improvements Needed 


During the lean years of the early '30’s, 
the Pittsburgh Railways Company rec- 
ognized the need for restorative measures 
to regain lost gross revenue and to lower 
operating costs. When the depression 
began to slow things down, one logical re- 
course was finding means of speeding 
things up. This involved re-examination 
of existing schedules to establish a pro- 
gram that would give service more bete- 
ficial to patrons. Coincident with this 
plan, it appeared essential to reduce main- 
tenance expenditures below the level set 
up for the more prosperous years of the 
preceding era. 

Many people had attained a critical 
frame of mind with respect to the street 
car, and rightly so. After years of seeing 
and riding in essentially the same noisy 
uncomfortable vehicle, such an opinion 
was understandable. Urban passengers 
responded to this neglect of their needs by 
transferring their patronage to the public 
carrier which provided adequate service. 
Modern street cars were needed to meet 
the demand for greater usefulness in city 
travel by providing service superior to 
any other vehicle for surface mass trans- 
portation. Action was required to give 
fast, convenient schedules, lower the cost 
of the car ride, relieve street congestion, 
and handle rush-hour traffic effectively. 


Plans for Better Transit Service 


Careful analysis of the transit problem 
led to the conclusion that immediate ac- 
tion was required for speeding up and re- 
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conditioning the outmoded rolling stock. 
Such a plan was put into effect to lower 
maintenance costs and arrest declining 
revenues. Motors were rewound for 
higher speeds, brakes were modified to 
obtain more effective stopping character- 
istics, and car interiors were improved. 

It was recognized that the most satis- 
factory operation required modern street 
cars. However, the immediate benefits 
of existing rolling-stock improvements 
could be garnered pending the fulfillment 
of a long-range program for the procure- - 
ment of new vehicles. Sufficient cars 
were reconditioned to handle more than 
50 per cent of the mileage operated. 

The plan for the purchase of new roll- 
ing stock was initiated with the installa- 
tion of a single trial PCC car in August 
1936. The first 100 cars ordered were 
placed in service from March through 
May 1937, the second 100 during Novem- 
ber 1937, and the third 100 in April 1940. 
The fourth order for 100 cars will soon be 
ready for delivery. The type of car pro- 


Modern PCC car in operation in 
Pittsburgh 


Figure 1. 


cured is shown in Figure 1, and the extent 
of the installation is illustrated by Fig- 
ure 2. 

These modern cars have many out- 
standing advantages which are assisting 
in meeting transit problems in Pittsburgh. 
Some of the more important are as fol- 
lows: 


1. Performance is far in advance of any 
vehicle now using city streets. The speedy 
quiet-operating trolley car can save from 
6 to 15 minutes of every hour’s travel time 
in comparison with the older types. 


2. A high degree of agility is attained with 
comfort to riders. Deep-cushioned forward- 
facing seats, wide clear-view windows, ample 
stanchioning, adequate ventilation, uniform 
distribution of heat, and plentiful indirect 
illumination conform to the demands of 
passengers. 


3. The control and braking equipment per- 
mits attainment of a degree of smoothness 
of performance that is unexcelled in surface 
travel. 


4: Schedule speeds are higher than any 
other form of public transportation on con- 
gested city streets. It is possible to use 
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Figure 2. Map of street-car lines of the Pitts- 
burgh Railways Company over which PCC 
cars are operated 


fewer units—10 to 20 per cent—a factor 
that is reflected directly in the fare cost. 


5. Fast schedules and the corresponding 
reduction in the number of cars minimize 
trafic congestion and allows the most 
efficient use of city streets by the greatest 
number of people. 


6. Starting is fully automatic with an 
unlimited selection of rates—speed of start- 
ing—to conform to the particular conditions 
of street traffic encountered. 


7. Smooth electric braking is provided 
under automatic control. It functions at 
all times—even if the trolley loses its con- 
tact with the overhead wire. In addition 
magnetic track and air brakes are available. 


PCC Car Operating Results 


The rehabilitation of old cars to secure 
higher schedule speeds and reduce main- 
tenance proved quite successful. Results 
were particularly beneficial in providing 
better service with lower operating costs. 
The investment required was more than 
justified and served to establish a transi- 
tion to the important part of the program 
—replacements with modern cars. 

PCC car operation has produced some 
attractive savings in vehicle inspection 
and maintenance. In comparison with 
the earlier-type cars, the wheel-grinding 
period has been doubled (20,000 to 40,000 
miles), wheel life is increased from 140,000 
to 200,000 miles, brake shoes last 15 
times as long, and inspections have gone 
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up from 250 to 5,000 or 10,000 miles, the 
higher figure being applieable to cars 
without hand brakes. Parts for PCC cars 
cost more, but fewer are subject to rapid 
wear, and the over-all result indicates 
less expense. Actual labor costs for spe- 
cific jobs are about the same, so the de- 
crease in replacements means less hours 
worked. 

An analysis has been made of the com- 
parative expenditures for the three-year 
period from June 1937 to June 1940. 
Materials are taken from storeroom requi- 
sitions and segregated between old and 
PCC cars. Labor is distributed in accord- 
ance with the number of cars passing 
through the shop—67 per cent earlier- 
type and 33 per cent PCC. Fixed ex- 
penses, such as superintendence, shop 
equipment, and shop expenses are allo- 
cated on acar-mile basis. The total costs 
for the years studied are shown in Table I. 


Table | 
Cents per 
Cars Car Miles Car Mile 
PCCS pers atare ovekarerNartets .< 82, DOO OOO iiaie aletaiars 1.70 
Old-type Cars.'.50...5. 60,912;000) o..c.< ciste 2.49 


These data show a net saving of 0.79 
cents per car mile for the PCC cars, which 
excludes painting, since none had been 
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through the paint shop. A liberal allow- 
ance for this item reduces the net saving 
to 0.7 cents per car mile or a gain of 28 
per cent. 

Track- and roadway-maintenance costs 
have been substantially reduced by PCC 
car operations. The extensive use of rub- 
ber and the light weight of the trucks of 
the new cars are two pertinent factors af- 
fecting the action upon track and road- 
way in comparison with older-type equip- 
ment. The principal use of rubber is in 
the wheels and journal springs. The re- 
silient construction permits normal de- 
flections of one-fourth inch for wheels and 
two inches for journal springs. The 
Presidents’ Conference Committee di- 
rected a program of exhaustive impact 
tests to determine comparable vertical 
accelerations of resilient and conventional 
steel wheels. Based on these data, the 
earlier-type cars in Pittsburgh impart 
impact forces to the track structure six 
times as great as PCC cars incident to 
track irregularities and vehicle movement. 
Track damage because of this action 
loosens the entire structure including the 
paving bond. Surface water enters, re- 
sulting in rapid deterioration and expen- 
sive maintenance. Special track work is 
particularly vulnerable because of the 
frogs and switches. 

The lower impact forces and lighter 
weight of PCC cars permit a less expen- 
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sive track structure. With the older-type 
cars a nine-inch girder rail weighing 134 
pounds per yard, wood ties, ballast, and 
blockstone paving were required at a cost 
of $12.50 per foot. In the case of PCC 
cars, it is feasible to use 5%/,-inch Tee rails 
weighing 100 pounds per yard, steel ties 
and concrete at a cost of $9 per foot. 
Experience has shown that track life can 
be stepped up from 25 to 32 years by the 
modern cars. There are 394 miles of 
paved track. The annual reconstruction 
requirement is 15.8 and 12.3 miles, re- 
spectively, for a 25- and 32-year life, a 
saving of 44 per cent. The system has 54 
miles of open track on which there is a 
reduction of 13 per cent in reconstruction 
costs. Special work life is lengthened by 
the use of modern cars. The indicated 
improvement is 10 years (20- to 30-year 
life), because the impact pounding is re- 
duced to one-sixth. The special work 
maintenance has dropped 14 per cent with 
301 PCC cars in operation. With 100 per 
cent PCC cars on the system, the better- 
ment will be 33 per cent. Ordinary track 
maintenance includes heavy repairs. 
Such work costs $1 per foot and the 
schedule has been seven miles per year. 
An allowance of 2.5 miles per year has 
proved ample which saves 12 per cent. 

_ During the year ending June 30, 1941, 
29,481,000 car miles were operated, with 
16,923,000 or 57.3 per cent PCC. A 
summary of the percentages saved in 
track and roadway expense is shown in 
Table IT. 


Table Il 


<== 


Per Cent 


PCC Cars in Use 100 80 57 


Savings 
Reconstruction—paved track. .44,0..33 
Reconstruction—open track...13.4..10 
Special work Socias tos ciaete ee 33.3. .26 
Ordinary maintenance........ 12.0.. 9 
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PCC cars have reduced accidents be- 
cause of their many safety features and 
quick stopping ability. Analyses of four 
comparative 12-month periods show de- 
creases of 24, 25, 25, and 26 per cent of 
accidents in comparison with earlier-type 
cars. A typical illustration is the accom- 
panying data for the year ending Septem- 
ber 30, 1940 shown in Table ITI. 

The average accident rate for the four 
years from 1932 through 1936, prior to 
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Table III 
SS 
Accidents 

Per 
Car 10,000 
Car Miles 


Accidents Miles 


Earlier-type cars. ..5,166. . . 14,729,129... 3.51 
3,531. ..13,346,580... 2.65 
Reduction in acci- 

dents per car mile 


With: wie CiCALsniieys chats pies hielate wrote 0.86 
Per cent reduction 

in accidents per 

car mile with 

IP CSPicars tic cicitsteuisvensseetee! slot oe.'ebreterets 25 


any PCC car operation, was 2.74 per 
10,000 car miles. The 25 per cent reduc- 
tion obtained with PCC car operation 
means 0.69 less accidents per 10,000 car 
miles. Thus, the reduction is 1,167 ac- 
cidents for 16,923,000 PCC car miles 
operated during the year ending June 30, 
1941. An analysis of the savings in- 
cident to the elimination of these ac- 
cidents is shown in Table IV. 


Table IV 

Per cent total accidents resulting in non- 

litigated Settlement (7 cicier. ee tie le .njeyer-votels © 15.97 
Per cent total accidents resulting in 

Ittigated settlement... wm weteus +4.) sts state ors 4.66 
Saving in nonlitigated settlements (1,167 X 

O59 7) erate) rel eotorare atone octet ionray atchs cis, nets 186 
Saving in litigated settlements (1,167 X 

O04 G66) odie cusccrscocegapeuataye. ee) cue httsts: «calisi(eneietere 54 


PCC cars provide faster schedule speeds 
than the earlier types because of their 
more rapid starting and stopping charac- 
teristics, higher free-running speeds, and 
quicker interchange of passengers. This 
makes it practicable to give the same 
frequency of service with fewer units 
in the case of the modern vehicles. 
A tabulation is included in Table VI 
which shows improvements made in 
schedules with high-speed cars and the 
first 201 PCC cars. In comparison with 
the earlier low-speed types the average 
betterment is 16 and 12 per cent, respec- 
tively, for base and peak service. 

Considerable improvement was real- 
ized when the earlier-type cars were 
speeded up which meant less schedule 
speed increase for the system with the 
introduction of PCC cars. Also, the 
speeded-up cars are used with PCC cars 
in peak service, which limits the schedule 
speeds obtainable with the latter vehicles. 
A study of the routes on which the 301 
PCC cars are now operating shows that 
improved performance permits replacing 
10 of the earlier-type cars with 9 of the 
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Table V © 
Dennen mmm 
: Routes 
Routes Using Using 
PCC Cars Old- Spread 
(18-Hr Type Between 
Base Service) Cars Two Classes 
Year Index Index of Routes 
0 ial A ai Ss Fe eo eh 
1933 2 LOO 005s .7 L005 00 
1934 104537 a rel O70 Olen eee 
1935 +, 104.945).2106).9572 0. el 
1936 ell 4) OO rl ac liars 0.29 
1937 ..117.65....112.14....Transition 
period 
Year ending. ...109.66....102.97.... 6.69 
3/31/39 
1939 we LOSsOSaee LOG Oo etae 4.95 
1940 27 Sie LOLSOG oe 7.83 


Average spread in 1934, ’35, and ’36 = 
—2.72—2.01+0.29 _ 


—1.48 
3 
Average spread in last 3 periods = 
6.69+4.95+7.83 _& 49 
3 
Total average spread =7.97% 


new type—a gain of approximately 10 
per cent. 

The increase in schedule speed incident 
to the use of PCC cars has a direct bear- 
ing on the betterment of gross revenues. 
Performance is highly important and con- 
tributes more to attracting passengers 
than any other feature. Of course, the 
comfort of the vehicle is of consequence 
from the ‘‘satisfied-customer’”’ viewpoint. 
The first 201 PCC cars placed in service 
have been operating a sufficient length of 
time to show a definite “revenue trend”’ 
for the new equipment. 

An analysis has been made which indi- 
cates the results shown in Table V. 

The year ending March 31, 1939, was 
the first complete 12 months after all of 
the routes using the 201 new vehicles had 
been equipped for operation of the 18- 
hour base service. The gain in revenue 
shows a spread of practically eight per 
cent in favor of PCC cars. 


PCC Cars Extensively Used 


The PCC car is an outstanding city- 
transit vehicle with exceptional utility. 
Its success for improving urban travel is 
demonstrated by the favorable results 
obtained in Pittsburgh and the 15 other 
cities which use the vehicle. It serves to 
reduce car maintenance, lower the upkeep 
of track and roadway, decrease accidents, 
raise schedule speeds, and _ increase 
revenue. A degree of excellence is estab- 
lished in public travel that is a creditable 
contribution to the advancement of city 
transit. 
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Improvement in Modern Meter- 


Testing Technique 


EDWARD E. LYNCH 


MEMBER AIEE 


HROUGH more than a score of years 

a variety of devices has been de- 
veloped to simplify the procedure and to 
reduce the hazard of personal errors in 
the technique of watt-hour meter testing. 
Of these devices the stroboscope and the 
photoelectric timer have already become 
generally accepted tools of the meter- 
testing art. Indeed, meter-testing prob- 
lems differ somewhat in the field, in the 
laboratory, and in the factory, and conse- 
quently, no single device nor combina- 
tion of devices can be considered ideally 
applicable to all three forms of testing. 
However, in each case much is to be 
gained through the use in some form of the 
many schemes!” which have recently been 
developed. Such schemes apply equally 
to single-phase and polyphase meter test- 
ing, though in this discussion we shall be 
concerned only with the single-phase 
watt-hour meter and the testing problems 
peculiar to the factory. Briefly these 
problems are: 
1. Removal of the hazard of personal error 
in testing. 
2. Maintenance of closer control of quality. 


3. Elimination of errors in portable stand- 
ards through handling. 


4. Reduction of skill required in testing. 
5. Shortening of testing time. 
6. Reduction of handling of meters. 


7. Elimination of storage space for meters 
awaiting test. 


8. Maintenance of a uniform flow of the 
product from assembly through to packing. 

All of these factors contribute to the 
achievement of greater uniformity and 
calibration accuracy as well as to a gener- 
ally improved quality of the product. 

The system which was evolved and 
which is described in this paper is the re- 
sult of an investigation conducted under 
actual manufacturing conditions. A small 
production line was set up which afforded 
ready means for close study of the factors 
outlined above and for trial of the several 


Paper 42-71, recommended by the AIEE com- 
mittee on instruments and measurements for pres- 
entation at the AIEE winter convention, New 
York, N. Y., January 26-30, 1942. Manuscript 
submitted November 27, 1941; made available 
for printing December 22, 1941, 


Epwarp E, Lyncu is. meter engineer and 
Mark A. PrRIncr is development engineer in the 
works laboratory, both with General Electric 
Company, West Lynn, Mass. 
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schemes investigated. It became im- 
mediately apparent that testing should 
become as nearly as possible an integral 
part of the assembly procedure, if the 
necessity for storing meters for test were 
to be avoided. That is, the testing pro- 
cedure must be broken down into opera- 
tions that might readily be accomplished 
during or immediately after the assembly 
of the meter and in synchronism with the 
cycle of assembly operation. Logically 
then, the testing procedure must be 
broken down into these two major steps: 


1. Adjustment of calibration at each of 
the three conventional load points (100 per 
cent load, unity power factor; 10 per cent 
load, unity power factor; 100 per cent load, 
lagging power factor 50 per cent). 


2. Verification of calibration accuracy at 
all three load points. 


Conventionally, calibration adjust- 
ments at these three load points are made 
in successive cut and try steps. Usually a 
rough adjustment of light load is made by 
applying potential only to the meter be- 
ing tested and adjusting until the meter 
disk does not creep. This is the familiar 
“creep method.” Lag-load adjustment, 
because of the uniformity of controlled 
manufacturing processes, is set within 


DISK SPEED— PER CENT 


| A-100% LOAD 
B- 10% LOAD 
| 


4 90 135 180 
ANGULAR DISPLACEMENT — DEGREES 
Figure 1. Curve showing angular velocity of 
watt-hour meter disk as a function of displace- 
ment 


Speed is given in per cent of nominal-load 
value for a General Electric type I-30 watt- 
hour meter 
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close limits in assembly. The setting of 
full load or the location of the damping 
magnet with respect to the center of the. 
meter disk is done by successive test runs 
and adjustments until the desired accu- 
racy is achieved. When the accuracy at 
all three load points called ‘‘as found”’ 
readings are obtained, a simple calcula- 
tion enables the tester to make those 
minor adjustments which will bring the 
meter accuracy at all points within the 
desired limits. Obviously, the smaller 
the spread in the “‘as found” readings the 
simpler the calculation and adjustment — 
required on a particular meter. How- 
ever, many cut and try steps are required 
before the ‘‘as found” readings are within 
sufficiently small limits to permit a single 
set of adjustments which will bring the en- 
tire calibration within the accuracy re- 
quired. 

In addition to the above limitations of 
the conventional procedure, long-time test 
intervals must be taken for each test run if 
a high degree of accuracy is to be achieved. 
This is due to the fact that meters are 
usually tested in gangs of as many as 
15, connected to a common load with a 
rotating standard, for an interval corre- 
sponding to a given whole number of revo- 
lutions of the rotating standard. The dis- 
placement from the starting position of 
the disk of each meter is a measure of the 
error at the particular load point being 
tested. The precision within which these - 
readings of accuracy can be made depends 
on the length of the test interval. Fur- 
ther, there is the problem of correcting for - 
the error in the rotating standard. 

Thus it is apparent, that much manipu- 
lation is required, before a satisfactory set 
of ‘‘as found” readings is obtained. It is 
also evident that, if the preliminary steps 
could be accomplished less laboriously, 
and if the entire calibration accuracy 
could be had at once, the procedure would 
be tremendously simplified. The discus- 
sion which follows, therefore, will describe 
the usefulness of the devices developed in 
this investigation to accomplish the de- 
sired simplification in procedure. 


Calibration Adjustment 


FuLL-Loap ADJUSTMENT 


Consistent with the scope of the inves- 
tigation, the means provided for making 
calibration adjustment must be simple 
and, if possible, render instantaneous in- 
dication of changes in calibration. The 
stroboscope*4 is immediately suggested. 
We must, however, consider its limita- 
tions, for its practical value is dependent 
upon the angular velocity of the object 
being viewed, a distinct image, and a fre- 
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patible with good vision. The last two 
f these requirements, over the common 
ranges of frequency required, are readily 
met by mechanical or electronic means, or 
by a combination of both. 

] The third requirement deals with the 
angular velocity of the moving element, 
and an analysis of the conditions required 
for a stationary image or for a “hunting” 
image is necessary to understand its in- 
fluence. Assuming a constant rate of 
light flashes upon a moving element, any 
change in angular velocity of this element 
will produce a change in the rate of dis- 
placement of the stroboscopic image with 
respect to a fixed reference point. When 
synchronism is achieved a stationary im- 
age results. 


Nw 
At synchronism f= Js 
2r 


where 


f=rate of light flashes in cycles per second 
w=angular velocity of disk in radians per 
second 
N =number of equally spaced elements 


If the disk velocity is alternately 
greater and less than the synchronous 
speed, the image will be seen to advance 
and recede according to fluctuations in 
velocity. This characteristic is called 
“hunting.” It is largely this condition 
which limits the universal application of 
the stroboscope in watt-hour meter ad- 
justment, since the operation becomes 
tedious and time consuming and, in cases 
of excessive hunting, requires a high de- 
sree of skill to achieve accuracy. If ob- 
servation of image displacement is hin- 
dered by hunting, the fluctuating image 
must be followed through its entire excur- 
sion (advance and recession) and the re- 
sultant advance and recession noted. 

Figure 1 shows the speed—displacement 
characteristic of a watt-hour meter at 
both full load and ten per centload. The 
magnitude of the variations in this curve 
s constant at all values of load, so that in 
yercentage this magnitude decreases with 
ncreased load. The speed characteristic 


B- LAG LOAD 
C- LIGHT LOAD 


WYMIDEN VF ME LORS 
=PER CENT 


-3 2 zi ° + +2 +3 
PER CENT ERROR 


“igure 2. Distribution curves of calibration 
errors before final adjustment 
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quency of light impulses which is com- 


Figure 3. Addjustable-type compensated lag 
plate 


of modern meters is, therefore, quite uni- 
form at the high values of load, but at 
light loads a large variation in angular 
velocity exists. 

The hunting of the image at these light 
loads could be eliminated if the flashing 
rate were made to fluctuate at a frequency 
corresponding to the irregular angular 
velocity of the disk and kept in time 
phase. This condition can be actually 
achieved only with difficulty and it is more 
practical to utilize a uniform flashing rate. 

With the above facts in mind, a quanti- 
tative consideration of the angular veloci- 
ties of the disk at various values of load 
on the meter, together with the desired 
limits of accuracy at each value of load, 
will define conclusively the limits of stro- 
boscopic application to meter testing. A 
modern watt-hour meter such as that 
from which the characteristics were deter- 
mined for Figure 1 has 720 equally spaced 
elements on the edge of the disk. At 
nominal load its speed is 1.745 radians per 
second, and it would, therefore, require a 
flashing rate of 200 per second to syn- 
chronize it at this speed or 20 per second 
at one-tenth this speed. 

The image advance of this meter will be 
7.2 elements per revolution of the disk 


when 99 per cent accuracy is obtained, or 
0.72 element per revolution when 99.9 per 
cent accuracy exists. These displace- 
ments can be instantaneously observed if 
there is no hunting and may not be im- 
perceptible with a small amount of hunt- 
ing. If, however, hunting produces an 
image fluctuation greater than about five 
times the image displacement caused by 
the inaccuracy in meter calibration, then 
the personal error becomes large, and the 
stroboscope cannot be used except by 
specially skilled workers. This value is 
arbitrary and is the opinion of the authors 
obtained through experience, 

The hunting magnitude is influenced by 
various factors which can be conveniently 
classified as follows: 


I. Those that produce an essentially con- 
stant hunting magnitude at all loads: 


(a). Eccentricity of the disk. 

(b). Nonuniformity of flashing rate. 
(c). Nonuniformity of disk marking. 
(d). Nonhomogeneity of the disk metal. 
(e). Bent disks. 


II. Those that produce their maximum 
effect at low loads: 


(a). Variation in potential torque with 
disk position. 


(6). Variation in friction with disk posi- 
tion. 


_ Since the maximum total hunting will 
be produced at lower loads, we can see 
not only the difficulty of adjusting with 
small torques such as at light loads, but 
also the advantage of adjusting for nomi- 
nal-load calibration with 200 per cent load 
current. An analysis of tests has shown 
that nominal-load adjustment can be 
made at 200 per cent load without affect- 
ing the load-speed characteristics of the 
meter appreciably, and for this reason, the 
fixture to be described later is designed to 
operate at 200 per cent load. 


Figure 4. Front view of section of conveyor 
system and calibration-adjusting stations 
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Licut-Loap ADJUSTMENT 


It can be concluded from the foregoing 
analysis that the stroboscope does not 
lend itself satisfactorily to calibration ad- 
justment at light loads. Its convenience 
is also lessened, due to the necessity of al- 
ternately and repeatedly adjusting each 
load until all errors are sufficiently small. 
This is due to the effect of the light-load 
adjustment on other loads. 

To be most convenient, the light-load 
adjustment must be accomplished as 
nearly as possible without influencing the 
other load adjustments, and the well 
known ‘‘creep’’ method which adjusts the 
torque due to potential alone so that the 
disk will not creep makes this possible. 

The method consists of applying volt- 
age to the potential coil and, without any 
load current, moving the light-load ad- 
justment until the meter disk will not 
creep in either direction. In principle, 
it is one used for many years as a rough 


Figure 5. Line schematic diagram of internal 
connections in adjusting station 
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method of adjusting meters at light load. 

Let us analyze just what we accom- 
plish by so doing, for an analysis will 
show that although we are not funda- 
mentally getting the adjustment we 
would like, we nevertheless accomplish 
a very good approximation of light-load 
adjustment. 
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Figure 6. Portion of conveyor system show- 
ing bank of verification stations 


A definite but small error is introduced 
when we attempt to make the potential 
torque, T,, equal to zero for, in a meter 
correctly calibrated at full, light, and lag 
loads, we find that T, is rarely zero.5 This 
small error will be a variable influenced by 
two factors shown below. 

If we consider a general equation, such 
as the following, and realize that at the 
moment of ‘‘no creep’”’ with no motion of 
the disk, the inertia and damping terms 
(both dependent on disk motion) are not 
present, and since the balance is per- 
formed with no load current, the equa- 
tion® reduces from 


a6 dé 
J5at(Dm+Dit+De) + 


(Tet LiL —T) =0 
to 


Cams 


which means that the driving torque due 
to potential flux alone is made equal to the 
friction torque (see appendix). 

This simple equation is complicated by 
the fact that T, (similar to Figure 1) is 
not a simple function but depends on the 
disk displacement. Therefore, our cali- 
bration will depend on what part of the 
curve 7, we make equal to the friction 
torque. 

By using care to see that the anticreep 
holes are kept 90 degrees from the 
element air gap, we can adjust the meter 
at a disk displacement shown in Figure 1, 
as 0 or 180, thus attempting to adjust at a 
point where the average potential torque 
is zero. This will obviously give the 
greatest consistency possible, although 
two factors will tend away from ex- 
tremely precise results: 


1. Ty, the friction torque, can be positive 


or negative depending on the direction of 
the tendency to creep. 
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5 joint of adjustment may differ 
om ape at which the shunt eis has its 


en ae give absolutely correct adjustment, 
a practical application of it has indicated 
that a very high percentage of meters will 
e obtained which are within normal al- 
lowable tolerance. A curve showing the 
distribution of accuracies over a large 
“number of meters tested is shown in Fig- 
‘ure 2 and is not inconsistent with the 
above analysis. For a preliminary ad- 
-justment there seems to be no better 
method of setting the light-load adjust- 
ment. 
Any effort to try to adjust to a slight 
forward creep to compensate for the 
average negative error is apt to result in 
“personal” errors based on ‘‘judgment”’ 
which will be greater than the above in- 
herent error, and, therefore, it is to be 
discouraged. 


Lac-Loap ADJUSTMENT 


The third load point at which cali- 
bration is made consists of setting the 
lag plate which compensates for the phase 
angle of the potential coil. Adjustment 
of this compensator is made at 50 per 
cent power factor and 100 per cent load 
current. From the preceding discussion 
of the stroboscope, it is apparent that 
reasonable accuracy may be had by using 
that device for making adjustment. 
Other methods, such as creep at zero 
power factor, torque method, or rotat- 
ing-standard method, are also suitable, 
and at this juncture, the question natu- 
rally arises, why not use one of these meth- 
ods—for instance, the stroboscope? This 
might well be accomplished, and many 
modifications have been developed which 
make the stroboscopic method conveni- 
ent. However, any such scheme would 
require a succession of tests at each of the 
three loads and a return, until the error at 
each point has become sufficiently small to 
to give satisfactory calibration. In our 
application a “straight-line” procedure 
was sought, and since such a method 
involves definite advantages, any one 
which was not directly applicable to such 
a straight-line procedure was considered 
undesirable. 

Adjusting the meter not to creep with 
zero power factor might well be used to 
accomplish this purpose, but it was found 
that, with meters equipped with an ad- 
justable lag plate as shown in Figure 3, a 
quicker and equally satisfactory method 
is to set the position of the lag plate me- 


chanically. 
When this is done with an accurate fix- 
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ture, a large percentage of meters will be 
correctly calibrated for lagging loads. A 
distribution curve of accuracies to be ex- 
pected are shown in Figure 2b, which 
summarizes the experimental results on 
hundreds of meters over a period of sev- 
eral months. Rigid manufacturing con- 
trol is necessary of the factors entering 
into the amount of lagging required and 
that obtained, such as the resistance of 
the potential coil and the conductivity of 
the lag plate, and so forth. 

A micrometer fixture which can be ad- 
justed from time to time to compensate 
for the drift due to manufacturing toler- 
ance is an advantage, but for the highest 
degrees of accuracy, a slight further ad- 
justment will be necessary on a small 
percentage of the meters. 

A device in which this final adjustment 
can be conveniently made will be de- 
scribed later, but at this point it may be 
well to indicate the steps necessary to ob- 
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Figure 7. Line schematic diagram of internal 


connections in verification station 
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tain this high degree of accuracy and to 
show how they fit into the manufacturing 
procedure. 


I. While subassemblies are being made: 
(a). 
II. After assembly: 


(b). Set light-load adjustment by creep 
method. 


Set lag plate mechanically. 


(c). Set full-load adjustment stroboscopi- 
cally. 

III. After preliminary adjustment: 

(d). Check calibration at all three loads. 


(e). If necessary, improve light- and lag- 
load accuracies. 


(f). Recheck calibration at all three loads, 
Adjusting Device 


For best results, adequate equipment 
must be used for the various operations. 
A very satisfactory fixture for accomplish- 
ing the preliminary adjustments men- 
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tioned above is shown in figure 4. Its 
schematic circuit is illustrated in figure 5. 
Maintenance on such a unit is minimized 
by conveniently mounting it to slide in or 
out of a conventional filing cabinet. 

Figure 5 illustrates how the standard 
meter and meter under test are connected 
in ‘‘series-parallel” through multitapped 
transformers, so that various ratings of 
meters can be tested without affecting the 
accuracy of the standard meter which al- 
ways operates at a fixed load. Selector 
switches mounted on the panel operate re- 
lays to select the desired loads to match 
the meter being tested, and the testing 
sequence is accomplished by means of a 
foot switch which operates a stepping 
relay so that a predetermined sequence of 
connections is obtained. The first and 
last position in this sequence makes and 
breaks respectively the connections to the 
meter under test through air-pressure con- 
tacts. 

The stroboscopic standard is arranged 
in a convenient manner for setting and 
maintaining its accuracy at the one load 
at which it operates. Thermostatic tem- 
perature control eliminates any tempera- 
ture effects in it and is a factor in main- 
taining this accuracy. 

The stroboscopic image is obtained by 
mechanical means so that a maximum 
intensity of illumination may be obtained. 
Figure 5 shows slots cut in the disk of a 
standard meter. Through these slots a 
beam of light energizes a photoelectric 
cell, the output of which is amplified and 
made to operate a synchronous motor. 
This motor will operate at a speed propor- 
tional to the speed of the standard meter 
disk. A slotted disk mounted on the syn- 
chronous motor shaft interrupts another 
beam of light which through a suitable 
optical system projects an image of the 
teeth on the edge of the disk onto a screen. 
The standard meter is connected to oper- 
ate continuously so that when creep ad- 
justment is made, the image, though not 


Figure 8. Product 
assembly-line chart 
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Figure 9. Close-up of scale images as viewed 
on panel of verification station 


Calibration accuracy is read simultaneously at 
all three load points 


stroboscopic, will not be obliterated by 
the disk on the synchronous motor. ° 

The device is operated in the follow- 
ing convenient manner and in accord- 
ance with the previous theoretical dis- 
cussion. A meter to be tested is placed 
in the contact-making fixture, and the 
foot switch is depressed. This operation 
closes the contact-making fixture and 
energizes the potential coil of the meter 
under test. An image of the meter disk 
will appear on the screen on the panel. 
This is not a stroboscopic image, but an 
actual enlargement of the disk teeth. 
This enlarged view of the disk makes 
creep adjustment of light load extremely 
simple. Before making light-load adjust- 
ment the disk should be turned manually 
so that the creep holes in the disk will be 
located in a plane parallel to the meter 
element. Then the light-load adjustment 
may be set so that no motion of the disk is 
observed on the screen. 

The next depression of the foot switch 
energizes the current circuit of the meter 
under test, and there will appear a strobo- 
scopic image on the screen. The position 
of the damping magnet is now set so that 
the image displacement is equal in both 
directions, if a slight amount of hunting is 
present. Having made this full load ad- 
justment, another pressure on the foot 
switch will de-energize the meter under 
test and release the pressure on the con- 
tact block. The meter is then removed 
to the verification device where a pic- 
ture of the calibration accuracy is ob- 
tained. 


Verification of Calibration 


Though for many years precise methods 
of watt-hour meter calibration have made 
use of precision instruments and constant 
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load, it has been shown’ that greater reli- 
ability is achieved by means of standard 
watt-hour meters giving for the first time 
the standard of watt-hour units. This 
standard, though maintained in the labo- 
ratory, can be readily transferred to the 
factory, and control maintained. Thus, 
it-was decided to adopt the rotating- 
standard comparison method for the 
verification device. Essentially, the de- 
vice consists of suitable switching and 
revolution-counting mechanism, together 
with the familiar portable standard watt- 
hour meter. The design and arrange- 
ment of the apparatus, however, are such 
as to achieve the results expressed in our 
introduction, namely, to obtain a direct 
indication of the complete calibration ac- 
curacy of the meter, and, in this re- 
spect, we believe that it is unique. The 
description which follows will deal chiefly 
with the novel design features and flexibil- 
ity of the device. 


Verification Device 


The unit shown in Figure 6 in a mul- 
tiple group was designed to give simul- 
taneous indication of the complete meter- 
calibration accuracy. It employs a photo- 
electric timer which makes its operation 
automatic. The measurement is made 
by comparing the speed of the meter 
under test at each load with the speed of 
a separate standard for each value of load. 
This comparison follows automatically in 
sequence so that, at the end of a given 
time, the entire calibration appears upon 
the screen. The line diagram, Figure 7, 
shows schematically the arrangement of 
the apparatus by means of which this veri- 
fication is made. In this figure, a light 
beam is directed from above the meter 
under test, through the path of the anti- 
creep holes and onto a photoelectric cell. 
The amplified output of the photoelectric 
cell energizes a sensitive relay. This ar- 
rangement is such that for each half revo- 
lution of the meter disk having two anti- 
creep holes, the above relay will operate 
once, The operation of this relay actu- 
ates a stronger stepping relay which in 
turn energizes relays to perform the fol- 
lowing operations in the sequence indi- 
cated. 

As the starting button is pressed with a 
meter in position, the standard meters are 
reset to zero through motor-driven cams, 
and the meter under test is energized. 
With the first light impulse after reset, 
light load is thrown on the meter under 
test, and the next impulse energizes the 
light-load standard. After a predeter- 
mined number of revolutions of the meter 
under test, the stepping relay has ad- 
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2€ aie y contact: that stops the light- 
: standard and throws full load on the 
neter being tested. The next impulse 

arts the full-load standard which runs 
intil stopped by the stepping relay after 


meter undergoing test. As the full-load 
standard is stopped, lag load is thrown on 
the meter and the standard runs until 
stopped by the stepping relay. This 
again occurs after a given number of 
evolutions of the meter which energizes 
the photoelectric cell. 
_ After these operations a picture of the 
meter accuracy at full load, light load, 
and lag load appears magnified in full 
view on a screen. This picture is ob- 
tained by projecting and focusing the im- 
ages of transparent indicators which ro- 
tate with the standards and which re- 
place the pointers for indicating the dis- 
placement of the pointer from zero. The 
transparent indicators are marked in 
divisions to represent error in tenths of a 
per cent and a manually operated index 
can be set to the point at which the zero 
position of the projected indicator image 
should stop if there is no error in the 
meter under test. 

Once the accuracy of the meter has been 
visualized, the apparatus is ready to func- 
tion again, or a release button can be 
pressed to disconnect the meter making 
it ready to remove the checked meter and 
replace it with one to be verified. 


Conclusions 


It will be readily observed that a suit- 
able arrangement of the devices described 
when operated in the sequence discussed 
will result in an operating system which 
permits a uniform and progressive testing 
routine, readily coupled to conveyorized 
assembly manufacture. Figure 8 shows 
how the parts coming from contributing 
departments can be assembled and ad- 
justed in a simple, uniform routine which 
moves along in progressive steps until the 
meter is ready for shipment, and which 
allows a laboratory check of the product 
to be made on sufficient quantities and at 
definite intervals without inconveniencing 
or upsetting the normal advance of these 
conveyorized operations. Although less 
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fixed number of revolutions of the. 


‘ 


skill is required by the operators, due to 
less tedious routine and more mechanized 
operations, more consistent accuracy can 
be expected, as errors are easily visible on 
an enlarged scale, and personal errors in 
judgment are eliminated. 

The operation of this straight-line 
setup will, of necessity, reduce inven- 
tories of meters awaiting test and insure 
better service, since when a meter starts 
through there is little chance of sidetrack- 
ing it, unless defects are found during in- 
spection. This improved service means 
more meters delivered in quicker time 
and with full assurance of the high qual- 
ity which any meter organization would 
be proud to associate with their own work. 


Appendix 


d 
I+ Dnt Di +D,) F— 


(Tei+ Tse i T;) =0 
where 

J=Inertia of moving element (gram 

millimeters per second per second) 
@=Angular displacement of disk (radians) 

t= Time (seconds) 

D,, = Damping factor relating to permanent 
magnet (gram millimeters per second) 


t 
Dm =a, (¢m)?1078 
g 


D;= Damping factor relating to current flux 
baie millimeters per second) 


i Gi(i)710-§ 
g 


D,=Damping factor relating to potential 
flux (gram millimeters per second) 


st 
D. = Ge(¢e)?10-® 
g 


T.i= Driving torque due to interaction of 
current and potential flux (gram milli- 


meters) 

t 

Tei=4a a Gabedi cos w 10-8 
g 


T;= Driving torque due to load current flux 
(gram millimeters) 


St 
T—45 SG o,2 cos py; 1078 
rie 


T.=Driving torque due to potential flux 
(gram millimeters) 


t 
L,—4 a Gache? COS He 10-§ =f (0) + K 
g 
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Ty= Friction torque (gram millimeters) 
f(0)=Anti-creep torque (a function of disk 
rotation in gram millimeters with an 
average value of zero) 
K=The constant component of T, which 
when added to f(0) gives T, 
s=Conductivity of disk (mhos per centi- 
meter cube) 
t=Thickness of disk (centimeters) 
g=Gravitational constant (centimeters 
per second per second) 
Gm=Damping constant relating to per- 
manent magnet (dimensionless) 
G,= Damping constant of load current flux 
(dimensionless) 
G.=Damping constant of potential flux 
(dimensionless) 

Ga= Driving constant relating to current 
and potential flux (dimensionless) 
Ga= Driving constant relating to current 

flux (dimensionless) 
Gae= Driving constant relating to potential 
flux (dimensionless) 
= Useful permanent magnet flux (Max- 
wells) 
¢;= Useful load current flux (Maxwells, ef- 
fective value) 
¢e= Useful potential flux (Maxwells, ef- 
fective value) 
f=Frequency (cycles per second) 
u=Angle between ¢; and ¢, (radians) 
=Equivalent angle of components of 
¢i which produce torque 7; 
Me = Equivalent angle of components of ¢, 
which produce torque 7, 
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Single-Phase A-C Electric Locomotives 


on the Pennsylvania Railroad — 


Protection and Tonnage Rating 


H. C. GRIFFITH 


MEMBER AIEE 


HE single-phase electric locomotive 

is thought of quite generally as a piece 
of motive power for heavy traction serv- 
ice. To an electrical engineer, however, 
it consists fundamentally of electric mo- 
tors geared to wheels with means for con- 
trolling the applied voltage to handle a 
variable load at varying speeds. 

From this point of view it is interesting 
to consider the protective features of the 
motors and their associated electrical 
apparatus to develop devices and methods 
which are necessary to guard against the 
hazards common to the operation of all 
electrical devices and those special to an 
electric locomotive. This paper will con- 
sider these features as they apply to the 
electric locomotives operating on the 
Pennsylvania Railroad. 


The Electrical Apparatus 


The single-phase a-c locomotive with 
series motors receives its power from a 
trolley at a relatively high voltage in 
order to provide economical distribution 
and good voltage regulation. The com- 
mutator-type motors must operate at a 
relatively low voltage in order to keep 
the commutators within a reasonable size 
because of the limitation of volts between 
bars.! A transformer is, therefore, neces- 
sary. Having the transformer to provide 
the lower voltage, a method for tap chang- 
ing under load can then be introduced to 
control the voltage applied to the motors. 
The motors are permanently connected 
in parallel groups with the motors in each 
group in series. This permits a motor 
group to be cut out of service with no ef- 
fect on the remaining groups, and the 
locomotives are occasionally so operated 
when trouble develops in a motor circuit. 
The method, Figure 1, of tap changing in- 
volves the use of preventive coils and 
heavy-duty contactors, and, in order to 
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subdivide the voltage steps, a buck-boost 
transformer is introduced to triple the 
number of steps.4 In addition to this, 
a-c series motors are operated at a low 
magnetic flux to provide favorable com- 
mutation conditions, and in operating at 
start and low speed when the armature 
current must be high, the field is shunted, 
Figure 2, to keep the flux in the same 
range as at continuous rating. It is also 
necessary to provide a commutating re- 
sistor (or interpole shunt) to produce the 
quadrature component of the interpole 
flux, and this shunting must be varied in 
one or more steps from high power factor 
at low speed to a lower power factor at 
high speed to provide adequate neutrali- 
zation of transformed voltage in the ar- 
mature coils.' The operation of the 
main-field shunt and the commutating- 
resistor contactors is controlled by relays, 
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control diagram 
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contactors and 
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transformer con- 
tactors by con- 
troller handle = 


Figures 3 and 4, operating from the volt- 
age across the main field and across the 
armatures, respectively, Figure 5. Fi- 
nally contactors must be provided to re- 
verse the main-field connections for opera- 
tion in the reverse direction. 

This equipment comprises the funda- 
mental electrical necessities of the loco- 
motive. In addition, there are numerous 
electrical auxiliaries, such as forced-ven- 
tilation blowers, air compressors, heating 
boiler, control batteries and charging 
equipment, lighting and cab signal equip- 
ment. The protection of this auxiliary 
equipment, while necessary, will not be 
covered specifically in this discussion. 


Protection Required 


Having the picture of the main features 
of the locomotive, the next step is to con- 
sider against what hazards the electrical 
equipment must be protected. These 
may be stated as follows: 

1. Overload 
2. Overvoltage surge 
3. Failure of insulation 


4. Incorrect operation of tap-changing 
switches 


5. Excessive field at start 

6. Unequal motor speeds—slipping 
7. Failure of cooling air 

8. Transformer overheating 

9. Overspeed 

10. Excessive current 


11. Overheating of motors 
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PREVENTIVE 
COILS 
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Switches 
Closed 
Controller handle normal— 
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Controller handle raised— 
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Controller handle raised then 
depressed—16 volts boost. .y-x 
Moving controller handle to next step 
returns intermediate step transformer 
switches to normal 


Step iiecme a 1A and 1 closed 
Stepan 1A, 2A, 1 and 2 closed 
Step Saneeue 2A, 1, 2, and 3 closed 
Stepi4 Sani 1, 2, 3, and 4 closed 


On each succeeding step the lower 
numbered switch opens and the next 
higher numbered open switch closes 
on the same bus. This results in four 
switches closed on each step 
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COMPENSATING 
FIELD WINDING 


Figure 4. Main-field relay 


This is a formidable list, but may be 
considered by classification of the manner 
in which protection can be provided. 


Fully Automatic Protection 


This method is provided for the first 
five conditions: 


1. Overload. When the motor current 
exceeds a value beyond which it is unsafe 
to operate the motors for even a short pe- 
riod, the motor contactors are opened by 
the usual overcurrent relay. 


2. Overvoltage Surges. These surges 
appear on the high-voltage side of the 
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254-2 
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INTERPOLE 
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Figure 2 (left). 
Single-phase motor 
windings — typical 


arrangement TO METERS 
MAIN FIELD 
RELAY 
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Closed at high speed 


transformer and require the use of a light- 
ning arrester. 


3. Failure of Insulation. Faults of 
this nature are detected by a relay, Figure 
6, known as the pantographrelay. In the 
secondary, or motor, circuits such detec- 
tion is simplified by the fact that the cir- 
cuits, Figure 7, are normally free from 
ground except through a current trans- 
former, so that any secondary ground will 
cause the relay to operate. The primary 
winding of the transformer is protected 
by current differential between the ends 
of the winding. The operation of the re- 
lay first opens the motor and auxiliary 
switches, and, if this fails to clear the 
fault, an automatic switch grounds the 
pantograph collector, throwing the inter- 
rupting duty on to the substation circuit 
breaker. This relay is described in detail 
in the Luther paper.’ 


4. Incorrect Operation of Tap-Chang- 
ing Switches. Tap changing on main 
transformer is performed by the intro- 
duction of three impedance (preventive) 
coils, the two smaller of which have their 
ends connected to four busses to which the 
taps from the main transformer are con- 
nected by the tap-changing contactors. 
The mid-points of these two preventive 
coils are connected to the ends of another 
larger preventive coil, to the mid-point 
of which is connected the outgoing lead 
to the motors. In this way four taps on 
the transformer are used on each of the 
running voltage steps, Figure 1, and a 
change to the next step requires the mov- 
ing of only one of the four tap connections, 


Griffith—Single-Phase Electric Locomotives 


OVERLOAD 
RELAY 


24S 
CONTACTOR CLOSED UP TO 
14TH NOTCH EXCEPT THAT IT 
1S OPENED BY MAIN FIELD 
RELAY WHEN VOLTAGE 1S 
SUFFICIENT 


OPERATED BY 
INTERPOLE 
FIELD RELAY 


INTERPOLE 
SHUNTS 


, 
Ss Hine 4 


4 


“de << Qa 


Figure 6. Pantograph relay 


permitting smooth and even transition 
in the voltage change. The impedance 
of the coils is sufficient to reduce the cir- 
culating current between the taps to a 
low value, while the reactance to the load 
is cancelled out by the two directional 
flow to the mid-point leads. In order to 
prevent two tap-changing contactors 
from closing on the same bus, thereby 
short-circuiting a portion of the main 
transformer, interlocking is used between 
contactors. This has been extended in 
recent designs to include a group of inter- 
locking relays, Figure 8, so connected 
that when a contactor fails to open prop- 
erly, in addition to the fact that no other 
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heating of the preventive coils. To pro- 


tect against this condition a thermal relay 
is installed, operating from current trans- 
formers differentially connected in the 
legs of each of the small preventive coils 


"toi M to open the motor circuit contactors when 
NG 1 the current flow is unbalanced. 
> £ 5. Excessive Field at Start. During 
SICs aN the starting period a portion of the arma- 
\ J ture current as stated hereinbefore, is 
Ne ea ea po a = 4 shunted around the main, or exciting, 
‘pp’ Sec 254-7 
— 13 GROUND 
ra CURRENT 
AIR t7~ eta D LIMITING 
TRANS- Hed ce ESISTOR 
FORMER : 


CUTOUT 
=a5 SWITCH 


contactor on the same bus can be closed, 
the contactors on the other busses cannot 
proceed to the other voltage taps. This 
prevents a large voltage difference being 
established across the preventive coils if 
a contactor on one of the lower steps re- 
mains closed while the contactors on the 
other busses have closed on the higher 
voltage steps. 

This new arrangement of interlocking 
requires the use of fewer interlocking 
fingers on the tap-changing contactors 
and uses instead separate interlocking 
relays in an enclosed cabinet, Figure 9, 
providing a cleaner, more accessible and 
reliable arrangement. 

This interlocking is complete excepting 
under one condition, that is, when a con- 
tactor fails to close in proper sequence. 
Under this condition one end of a preven- 
tive coil will be disconnected from the 
main transformer causing an unbalance 
of currents which will cause excessive 
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Figure 8. Simplified interlocking scheme for 


tap-changing contactors 
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Figure 7.  Panto- 
graph (“PR”) re- 


lay connections 
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AAANAA 
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field to minimize commutation troubles. 
This function is performed by a relay, 
Figure 4, operating from the voltage 
across the main field. 


Semiautomatic Protection 


6. Unequal Motor Speeds. High pe- 
ripheral velocity is normally designed into 
the traction motors, and if a pair of driv- 
ing wheels slips, tractive power is lost, 


and the motor will soon reach a danger- 
ously high speed. The division of voltage 
between the motors becomes unbalanced, 
Figure 4, if one motor slips or two slip at 
unequal speeds. A voltage balance relay, 
Figure 10, therefore, is used to indicate 
this condition to the engineman so that he 
may reduce the voltage on the motors. 
This indication is received when the slip 
differential is approximately 5 miles per 
hour. If the engineer fails to take the 
necessary action or is unable to control. 
the slipping, the relay automatically 
opens the motor switches when the slip 
differential reaches 20 miles per hour. 


7. Failure of Cooling Air. The motors 
and transformers are designed, because of 
space and economic limitations, to require 
forced ventilation. Failure of the air 
supply would permit rapid overheating. 
A relay in the air stream or a centrifugal © 
relay on the blower shaft indicates such a 
failure to the engine crew. 


8. Transformer Overheating. The main 
transformer is cooled by oil circulated by 
apump. This oil passes through a radia- 
tor and is in turn cooled by air from the 
same blowers which provide forced ven- 
tilation to the motors. Failure of this 
cooling scheme to keep down the oil tem- 


Figure 9. Main transformer showing voltage- 
control equipment 


A—Auxiliary-equipment contactors 
B—Tap-changing contactors 

C—Interlocking relays 

D—Intermediate step (buck-boost) transformer 
E—Intermediate step (buck-boost) contactors 
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= will operate a thermostatic 
alarm. 

- 4 

Indication 


: 9. Overspeed. Speed is indicated to 
the engine crew by means of a speedome- 
ter. Excessive speed is dangerous to the 
armature windings and commutators. 

Dependence must be placed on the en- 
gine crews to keep the speed within limits 
safe to the equipment and also within the 
local speed restrictions of the roadway. 


10. Excessive Current. Current is 
indicated by a separate ammeter for 
each of the parallel motor groups. The 
rate of acceleration is determined by the 
current value permitted, limited of course 
by the weight on driving wheels. A limit 
is set on the maximum motor current, 
which limit is appreciably below the 
setting of the overload relays, and proper 
attention to the ammeter readings during 
acceleration is required to prevent slip- 
ping and to stay within the range of good 
‘commutation. 


Indicating Devices 


Indicating lights are provided in the 
locomotive crew compartment to indicate 
the following: 


(a). Low water in oil-fired train heating 
boiler 


(0d). 


(c). Forced-ventilation blowers stopped, or 
high transformer oil temperature 


Driving wheels slipping 


{d). Motor-overload relay operated 

(e). Pantograph relay operated 

(f). Main-motor-field shunting switches 
closed 

(g). Fuel pump on heating boiler stopped 


In addition to this, a buzzer operates 
to warn the crew for the first two condi- 


Figure 10. Wheel-slip relay 
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tions, that is, low water in heating boiler, 
or driving wheels slipping. 

The indicating light panel, Figure 11, 
contains a row of amber lenses, on each 
of which is engraved the designation 
which it indicates. It is located beside 
and to the left of the engineman, On this 
same panel is the series of cab signal in- 
dication lights duplicating the aspects of 
the wayside signals. Here also are lo- 
cated the speedometer, the ammeters for 
each of the motor circuits, and the usual 
air gauges for the brake system. 


Tonnage-Rating Limitation 


11. Overheating of Motors. The tem- 
perature rise of the motor fields and arma- 
tures is the practical limit to the amount of 
work which the motors can do. These 
limitations are set by the kind of insula- 
tion used and must not exceed the per- 
missible values, or the life of the motors 
will be materially shortened. Even if it 
were practical to have continuous indica- 
tion of the controlling “hot-spot” tem- 
peratures, it would still not be practical 
to send out on the railroad an electric 
locomotive with a train which, operated 


- 


Griffith—Single- Phase Electric Locomotives 


under the normal speed and grade re- 
quirements of the route, might exceed the 
temperature limitations of the motors. 
In fact, no protective device, within the 
ordinarily accepted meaning of the term, 
is as yet available for avoiding excessive 
motor temperatures, without unduly 
limiting the use of the full short-time ca- 
pacity of the locomotive, 


Figure 11. Indicating and operating devices 
in motorman's compartment 


A—Ammeters 

B—Low water in boiler 

C—Blower-stopped and transformer-tempera- 
ture indication 

D—Overload relay tripped 

E—Drivers slipping 

F—Pantograph relay tripped 

G—Fuel pump tripped 

H—Speedometer 

I—A\ir gauges 

J—Field change-over 

K—Cab signal indicator 

L—Buzzer 

M—Emergency grounding switch 

N—Pantograph switch 

O—Heedlight switch 

P—Brake valve 

Q—Master controller 
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It is, therefore, necessary to resort to 
other than electrical or mechanical means 
of providing this very mecessary protec- 
tion. The obvious method is, of course, 
so to safeguard the operation of the loco- 
motive as to avoid overheating of the 
equipment. At the same time, however, 
the necessity for economical operation 
dictates that the maximum possible work 
be performed by the locomotives. To 
meet these two conditions a tonnage rat- 
ing, that is, the maximum train which 
can satisfactorily be handled, is deter- 
mined for each class of locomotive and 
each route. 

The working out of these ratings re- 
quires that complete motor heating and 
cooling characteristics be available from 
shop tests of the equipment. The method 
for arriving at these characteristics has 
been covered in detail in the paper by 
Fremont Felix and H. G. Jungk pre- 
sented at last winter’s convention in 
Philadelphia.* 

In addition to this, the usual motor- 
output characteristics for different speeds 
and voltages are required. Then, with 
the profiles, alignments, and speed re- 
strictions of the route to be used, it is pos- 
sible, assuming a weight of train, to de- 
termine the motor-output requirements at 
all points on the runs.> The time, dis- 
tance, and output results are tabulated, 
and, by using the heating and cooling 
characteristics of the motors, the tem- 
perature rise at each point on the route is 
determined. If the permissible tempera- 
ture has been exceeded, the run is recal- 
culated with a lesser weight of train. 
Similarly, if the maximum permissible 
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temperature has not been reached, a new — 


calculation is made using a heavier train. 
In this manner, the maximum tonnage 
which the locomotive can handle over 
each route, without overheating the mo- 
tors, is determined. 

In addition to these ratings, this pro- 
tective method requires a thorough edu- 
cation of the personnel to make it effec- 
tive. Yard masters must be informed of 
the importance of keeping the weights of 
trains within the specified limits. Hav- 
ing a proper tonnage, the engineman must 
learn how to operate the locomotive in a 
proper manner. This proper operation in- 
volves avoiding excessively difficult starts 
in yards and on grades, avoiding pro- 
longed operation in weak field, taking full 
advantage of the momentum of the train 
in negotiating grades, and a general 
knowledge of the operating characteris- 
tics and capabilities of the locomotive. 

The results of such predeterminations 
of tonnage ratings on the Pennsylvania 
Railroad have proven most satisfactory. 
After the ratings had been determined by 
calculation, they were checked by making 
test runs. In order to make these road 
tests, thermocouples were built into the 
windings of several of the motors. A 
locomotive so equipped was assigned to 
a regular revenue train which was built 
up to the predetermined tonnage for the 
route to be followed, and the train was 
operated over the road. By means of re- 
cording meters a continuous record was 
made of motor current and temperature. 
Tests of this nature have been made over 
all the principal routes, and in all cases 
the measurements have closely checked 
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the calculations. It has not been neces- 
sary to reduce any of the calculated rat- 
ings in actual operation. 


Conclusions 


The electric locomotive is composed of 
electrical apparatus which is subject to 
the usual hazards of similar equipment. 
The methods of protection require some 
of the usual types of device. The spe- 
cialized application, however, intro- 


duces the factors of loading and opera- ~ 


tion as protective methods to a greater 
extent than is usually the case with gen- 
erally similar equipment in other services. 
It has been the purpose of this paper to 
summarize and describe the electrical 
protection of the equipment, including 
not only the protective devices but those 
features of the utilization of the locomo- 
tive which become in reality protective 
methods. 
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ynopsis: Modern electrical equipment 
for industrial Diesel-electric locomotives is 
widely different in many respects from that 
used five or six years ago. New and im- 
‘proved high-temperature insulating ma- 
terials and modern synthetic varnishes have 
en developed and are used extensively 
today. Also new and improved methods of 
using these and the older materials have 
been developed. These, together with new 
design constants, have made possible a 
reduction in weight per horsepower trans- 
| mitted with an improvement in the quality 
_ of the product. 
| _ The Diesel engine and generator are close- 
coupled and mounted as a unit, thus assur- 
_ ing proper alignment and, at the same time, 
reducing the space required for mounting 
on the locomotive. A new and improved 
method of generator excitation has been de- 
veloped which assures positive control of 
the engine speed and power. This provides 
-a very flexible transmission of power from 
the prime mover to the rail. 

The modern traction motor has a cylin- 
drical instead of a rectangular frame. It is 
a multipole instead of the conventional four- 
pole design. It is mounted integral with a 
double-reduction gear unit which is com- 
pletely enclosed in an oiltight gear case. 
All bearings on the motor armature shaft 
and in the gear case are antifriction except 
those on the axle, which are sleeve bearings. 
All bearings in the gear unit are oil-lubri- 
cated with the same oil that lubricates the 
gearing. Both the high and low speed pin- 
ions are straddle-mounted to insure proper 
alignment of the gearing at all times. 

Industrial Diesel-electric locomotives are 
used in slow-speed switching service where 
high tractive effort is most important. For 
this type of work, double-reduction gearing 
with maximum reduction shows much better 
transmission efficiency than the conven- 
tional single-reduction gearing. 


OR many years most of the machinery 

in American industrial plants has been 
driven electrically. During the past five 
or six years Diesel-electric drive has taken 
a definite place in moving raw materials 
to and finished products away from the 
manufacturing plants. This widespread 
use of electric power for locomotives has 
been brought about largely by two simul- 
taneous developments. 


1. Modern High-Speed Diesel Engine. 
Through standardization and the use of 
essentially the same Diesel engine for 
locomotives, trucks, tractors, and stand- 
by power plants, the cost per installed 
prime mover horsepower has been lowered 
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greatly. Also, at the same time, the 
necessity for light weight has been realized 
and this, together with higher speeds, has 
resulted in lighter weight engines that 
still retain their ruggedness and ability to 
produce power. 

Usually these engines are equipped 
with two-speed governors set for idling 
speed and full speed. Between these 
speeds the fuel supplied to the engine is 
controlled manually by the position of the 
locomotive operating handle. This is 
known as an automotive-type governor 
and is the type used with the equipment 
described in this paper. 

There is another type of governor that 
is used sometimes in industrial Diesel- 
electric locomotives and is used on prac- 
tically all of the larger Diesel engines. 
With this type engine speed is set by the 
governor for each position of the loco- 
motive operating handle. In each of 
these positions the governor supplies the 
engine with the amount of fuel necessary, 
up to full fuel, to maintain a given speed. 
This is known as a variable-speed gover- 
nor. 

2. Modern Electrical Propulsion 
Equipment. During this same period 
of time, new materials and methods have 
been developed and adopted for use in 
this electrical equipment. Through de- 
sign and research, improvements have 
been made in, and ways have been found 
to use, standard materials to better ad- 
vantage. These have made it possible to 
reduce weight and cost per horsepower 
and at the same time improve the quality 
of the product. 

These two developments, together with 
improved locomotive design, have made 
a very economical Diesel-electric loco- 
motive. This industrial locomotive has 
low initial cost, low maintenance cost, 
low operating cost, and high availability. 
It has many of the desirable features of a 
straight electric locomotive but does not 
require a large investment for plant and 


equipment. Locomotives of this type 


Paper 42-50, recommended by the AIEE committee 
on land transportation for presentation at the AIEE 
winter convention, New York, N. Y., January 26— 
30, 1942. Manuscript submitted November 5, 
1941; made available for printing December 22, 
1941. 

LANIER GREER is a designing engineer of the trans- 
portation motor engineering department, General 
Electric Company, Erie, Pa. 


Greer—Diesel-Electric Locomotives 


weighing from 20 tons to 65 tons inclusive 
are being manufactured by several loco- 
motive builders. - 

A unit of electrical propulsion equip- 
ment for these Diesel-electric locomotives 
consists of a d-c commutating pole gener- 
ator connected directly to a Diesel engine, 
one or two d-c commutating pole motors 
geared to the axles, and control to assist 
in maintaining a smooth even flow of 
power from the prime mover to the 
wheels. There are one or more of these 
units per locomotive, depending upon the 
weight and performance required. 


Traction Generators 


MECHANICAL FEATURES 


The generators have only one bearing, 
either ball or spherical roller, which is 
located at the commutator end of the 
machine and carries approximately one 
half of the weight of the armature. This 
bearing is mounted in a cartridge type of 
housing which is so arranged that the 
armature can be removed without ex- 
posing the bearing to dirt and other 
foreign substances. The use of all-metal 
labyrinth seals insures that the grease 
will be kept in and dirt will be kept out of 
the bearings. The other end of the 
armature is bolted directly to the engine 
crankshaft through a flexible steel disk 
coupling which is mounted integral with 
the generator fan. This coupling is de- 
signed so that it is rigid torsionally and 
radially. The torsional rigidity makes it 
possible to use the generator armature 
and fan for the engine flywheel, which 
eliminates the conventional flywheel. 
The radial rigidity is necessary to main-_ 
tain the electrical air gap on the gener- 
ator. At the same time the coupling has 
flexibility in angular and axial directions 
to eliminate the necessity for exception- 
ally close machining tolerances. 

Figure 1 shows a modern Diesel-electric 
generator. 


Modern d-c traction generator 


Figure 1. 
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Figure 2. Modern high-speed Diesel engine 
with directly connected traction generator 


The bell housing on the engine has been 
made special to serve the dual purpose of 
supporting the generator frame and pro- 
viding a space in the formed openings for 
generator-fan discharge. When the gen- 
erator frame is bolted to the bell housing 
and the armature to the engine crank- 
shaft through the flexible coupling, the 
engine and generator become an integral 
unit and are mounted as such. Figure 2 
shows a typical engine-generator unit. 
The generator fan located in the bell 
housing provides for multiple ventilation 
of the machine. One stream of air is 
drawn over the armature, through the air 
gap and between the field coils, and the 
other under the commutator and through 
the core. 

Another important part of this modern 
generator is the improved brush holder. 
To collect current properly from the com- 
mutator it is necessary to have brush 
holders that will keep the brushes on the 
commutator even though it may be 
slightly irregular or eccentric. This is 
accomplished by special brush-holder, 
brush and brush-spring design. Care is 
taken to keep the brush riding against the 
trailing edge of the brush holder at all 
times. This is done by using a trailing 
brush with a beveled and clip top ar- 
ranged so that the brush-spring pressure 
provides a component of force, holding 
the top of the brush in place, and at the 
same time provides the necessary radial 
force to keep the brush in contact with 
the commutator. The bottom of the 
brush is held in place by friction on the 
commutator. Due to the fact that all 
materials are being worked harder than 
ever before, brush holders must be spaced 
and aligned more accurately. This is 
accomplished by a brush holder designed 
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GROUND 


so that it can be located easily and accu- 
rately, one which remains in a fixed posi- 
tion after it is located. These design fea- 
tures improve commutation, give long 
brush life, and insure generator character- 
istics that do not change from day to day 
due to change in brush fit or location. 

The commutator must be kept tight 
and true. This is accomplished by using 
commutator-design constants which have 
been developed over a period of years of 
experience with high-speed equipments. 
Even with proper commutator design, 
difficulties occur in manufacture. These 
are corrected and a good commutator 
produced by seasoning it after the arma- 
ture is completely assembled. This proc- 
ess consists of subjecting the commu- 
tator to centrifugal forces and thermal 
stresses in excess of those which are en- 
countered in service, and tightening and 
grinding the commutator until it operates 
smoothly, both hot and cold. 

In order to provide smoothness of 
operation, and to reduce noise and vibra- 
tion to a minimum, it has been found 
necessary to dynamically balance the 
complete armature of all modern high- 
speed Diesel-electric locomotive gener- 
ators. 


ELECTRICAL FEATURES 


In the past few years insulating ma- 
terials and methods have been improved 
greatly. Some of these high-temperature 
materials are asbestos cloth, asbestos 
paper, fiber glass, and mica. With the 
aid of modern synthetic high-temperature 
varnishes, ashestos and mica, as well as 
fiber glass and mica, have been combined 
to form tapes and wrappers. These ma- 
terials have made it possible to use thinner 
insulation of a better quality and get a 
better-insulated machine. This leaves 
more space for copper and iron and at the 
same time improves the heat-transfer 
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Figure 3. Diagram of connections for traction-generator excitation — 


coefficient through the insulation. An- 
other advantage of these materials is their 
ability to stand high temperatures and 
still have long life. By using high 
temperatures the weight of material per 
horsepower transmitted is reduced. By 
the inherent long life of the materials, 
maintenance costs are kept low. 

Careful study of the magnetic circuit 
has made it possible to so proportion the 
various parts of the generator that all 
materials are utilized to better advantage. 
This also has resulted in reduced weight 
for a given amount of power transmitted. 

The modern locomotive generator is 
equipped with a series field winding and 
operates as a motor for cranking the 
engine from a 32-volt or 64-volt storage 
battery. This eliminates the starting 
motor drive and ring gear, and at the same 
time reduces the amount of apparatus to 
be maintained. This type of engine 
cranking has proved to be very successful 
and reliable. 

The locomotive operating character- 


8 


RPM 
@ 
° 
ro) 


fo] 
fe] 
o 


> 
fe} 
oO 


nN 
[o) 
[oe] 


@ 
fe) 
oO 


o 
ss 
GENERATOR TERMINAL VOLTS 


8 


nN 
[o) 
[o) 


ENGINE AND GENERATOR SPEED 


(o) 


GENERATOR AMPERES 


6 wi2nio waeeeso 
PERCENT ADHESION 


Figure 4. Characteristics of Diesel-engine 
traction-generator unit 


ELECTRICAL ENGINEERING 


a? TT. le > 


J 


: 


q 


t 


istics are largely built into the generator. 
For a number of years Diesel-electric 
industrial locomotives did not have the 
most desirable operating characteristics. 
Full advantage was not taken of the fact 
that electric drive is the most controllable 
and most flexible of all drives. Recently, 
detailed studies have been made of vari- 
ous generator-excitation schemes to ob- 
tain the very best possible operating 
characteristics. Some of the more desir- 


able of these are: 


1. As the locomotive operating handle is 


moved from the idling position toward the 


full throttle position, the locomotive speed 
increases with the engine speed. 


2. As the engine speeds up, the generator 
voltage increases to provide increased loco- 
motive speed either with or without addi- 
tional fuel. 


3. Smooth acceleration is obtained without 
jerks or hesitation at all values of throttle 
opening. 


4. The engine must not be loaded so 
heavily that it does not accelerate rapidly 
and evenly, nor loaded so lightly that it 
accelerates too fast and gives the impression 
of a “‘slipping clutch.”’ 


All of these features have been built 
into the newest industrial Diesel-electric 
locomotives by use of a generator which is 
essentially self-excited. This generator is 
provided with a doubly excited split field 
which receives most of its excitation from 
its own armature and the balance of its 
excitation from the storage battery on the 
locomotive. Each section of the field is 
designed so that approximately one half 
of the resistance of the circuit is external 
and does not change with temperature. 
This minimizes the variation of generator 
characteristics with temperature change 
in the windings. 

A simple schematic diagram of the 
connections which are used is shown in 
Figure 3. The resistor R, in the self- 
excited circuit is set to give the proper 
value of excitation for full power and full 
speed, Figure 4, curves D and D’, and 
remains set for all other values of speed 
and power. The resistor Rg in the doubly 
excited field circuit is varied in three 
steps by the two switches marked A and 
Bin Figure 3. As the locomotive operat- 
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Figure 5. Modern d-c trac- 
tion motor and double-reduc- 
tion gear unit 


ing handle is moved from the idling posi- 
tion towards the full throttle position, R, 
is set at the three different values which 
are necessary to insure a full even flow of 
power at all positions of the operating 
handle. These changes are made by a 
cam-operated switch, which is connected 
to the locomotive operating handle. A 
double cam switch, which is in the throt- 
tle-linkage mechanism between the oper- 
ating handle of the locomotive and the 
engine fuel pump, changes the fuel pump 
setting to provide the proper amount of 
fuel. 

From Figure 4 it can be seen that the 
speed-ampere and volt-ampere character- 
istics are very steep. This provides volt- 
age and current which are supplied to the 
traction motors on the locomotive, caus- 
ing its speed to follow that of the engine. 


Referring to Figure 4, curve A, the first 
power position on the motor-current re- 
sistance (7R) line is at approximately 12 
per cent adhesion on the locomotive. 
This value of adhesion has been proved 
by experience to be one which gives no 
jerks but provides a smooth, rapid start. 
This point will be practically the same at 
every start, because the volt-ampere curve 
crosses the motor-current resistance (JR) 
line at a steep angle, which will change 
very little as the temperature of the 
motor windings changes. This is shown 
by reference to the two motor-current 
resistance (JR) lines shown on Figure 4, 
one at 110 degrees centigrade and the 
other at 25 degrees centigrade. Since 
there are no notches on the locomotive 
operating handle quadrant, there are 
infinite steps of power and speed between 
the first power position, Figure 4, curves 
A and A’, and the full power position, 
Figure 4, curves D and D’. Curves B 
and B’, C and C’ are shown to illustrate 
the shape of intermediate power and 
speed positions. Additional study of the 
engine-generator characteristics shows 
that the generator with its controlled 
excitation is acting to electrically govern 
the engine at all speeds below that at 
which the mechanical governor begins to 
operate. 

Further reference to Figure 4, curves D 
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and D’, shows that there is a wide range 
of amperes over which the generator volt- 
ampere curve is equal to the engine out- 
put, less the generator losses and a small 
loss of power due to the speed of the 
engine not being held constant, This 
makes it easily possible and very desirable 
to use only one motor combination if 
more than one motor per power plant is 
required, With a single motor, or with 
motors in parallel, if two motors are used 
per power plant, practically full power 
utilization can be obtained from 30 per 
cent adhesion on the locomotive to 60 per 
cent of maximum permissible: operating 
speed. This is very desirable since it 
simplifies the locomotive control. 


Battery-Charging Equipment 


Battery charging on industrial Diesel- 
electric locomotives is done by one of 
two methods, depending on whether a 32- 
volt or 64-volt battery is used. 

The 32-volt battery is charged with 
automotive-type equipment. This con- 
sists of a 750-watt shunt-wound generator 
which is mounted on the engine in such a 
way that it can be driven by a belt or 
from an auxiliary shaft. A vibrating 
contact regulator is used in the field of 
the generator to hold approximately 
constant voltage over a range of charging 
current, which is limited by a series coil 
in the regulator. The generator is self- 
ventilated by a small fan. 

When a 64-volt battery is used, a 1.5- 
kilowatt shunt-wound charging generator 
is used. It is mounted on the floor of the 
locomotive and belt-driven from a pulley 
on the end of the traction generator shaft. 
The voltage on the charging generator is 
held constant by a vibrating contact 
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regulator operating in the shunt field. 
The current is limited by a ballast re- 
sistor in the battery-charging circuit. 
This generator is self-ventilated by a fan 
mounted directly on the armature shaft. 


Traction Motor and Gearing 


MECHANICAL FEATURES 


The modern Diesel-electric industrial 
locomotive traction motor is very different 
from the conventional railway motor. 
The new motor has a rolled-steel cylindri- 
cal fabricated frame instead of a cast-steel 
rectangular frame. This new construc- 
tion has a number of manufacturing ad- 
vantages and also is more desirable mag- 
netically since casting blowholes are 
eliminated. The motor is very accessible 
for original assembly and for repairs. It 
is equipped with double-reduction gearing 
instead of the conventional single-reduc- 
tion gearing. 

The commutator is of special design 
to meet service requirements. In addi- 
tion to the use of design constants that 
give a sturdy strong commutator, it is 
given a thorough seasoning after the 
armature has been completely assembled. 

The armature is designed to withstand 
the stresses of high-speed operation that 
go with double-reduction gearing. The 
coils are held in the core slots by wedges 
and the end windings are held with bind- 
ing wire. The completed armature is 
dynamically balanced to very close 
limits so that it operates smoothly and 
with very little vibration at all speeds. 
It is also equipped with antifriction bear- 
ings on both ends. The commutator end 
bearing housing is designed so that the 
armature can be removed without opening 
the bearing housing and exposing the 
bearing to dirt. This bearing is also ar- 
ranged with all-metal labyrinth seals to 
keep grease in and to keep dirt out. The 
bearing on the opinion end of the motor 
armature is mounted on the shaft after 
the motor pinion has been mounted. 
This forms a straddle-mounting for the 
pinion. The bearing on this end is 
housed in the gear case and lubricated 
with the same oil as the gearing. 

The frame of the motor is bolted to the 
gear case so that the two become an in- 
tegral unit and are mounted as such. 
Figure 5 shows the motor and gear unit. 

The gear case which forms a part of the 
motor and gear unit is a rugged steel 
casting of special design. It is made in 
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one piece except the gear cover which is a 
malleable iron casting and is bolted to the 
gear case along a 45-degree line. All 
bearings and pinions are assembled so 
that they can be replaced without remov- 
ing the motor and gear unit from the 
locomotive. The motor and gear-unit 
support is so located that, for either 
direction of motion of the locomotive, 
there will be no tilting to throw the gear 
mesh out of alignment or place a twisting 
load on the axle bearings under the heavy 
tractive efforts encountered in service. 
This type of hardened gearing operating 
in an oiltight gear case has a long life, 
which should be equal to that of the loco- 
motive. The gear unit is equipped with 
flood-lubricated sleeve axle bearings and 
thrust surfaces, and with antifriction 
intermediate and high-speed bearings 
operating in an oil bath. Both the high- 
speed and low-speed pinions are straddle- 
mounted to maintain alignment. The 
gearing is straight spur on both reduc- 
tions. 

The motor is self-ventilated. This is 
found to be practical in a motor which is 
used with double-reduction gearing, since 
even in slow-speed switching service, 
motor speeds are high enough to make the 
motor fan effective. The fan which is 
mounted on the armature shaft at the end 
opposite the commutator provides for 
multiple ventilation of the machine. 


ELECTRICAL FEATURES 


In the motor use has been made of the 
various insulating materials, varnishes, 
and methods used in the traction gener- 
ator. By this means the best possible 
quality has been obtained with the small- 
est amount of insulation. This has made 
it possible to get more tractive effort 
rating per pound of material used. 

In order to further conserve material, 
motors have been designed with more 
than the conventional four poles. The 
latest industrial Diesel-electric locomotive 
motor is a six-pole machine. The multi- 
pole design reduces length of end windings 
and commutator. Also the use of multi- 
poles provides for better distribution of 
field windings. This, in connection with 
detailed studies of the magnetic circuit, 
has enabled the designer of modern mo- 
tors to materially. reduce the size and 
weight of the field structure. 

The field coils have also been reduced 
in size by the use of new insulating ma- 
terials and methods. Both exciting and 
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commutating coils are edgewise-wound 


and formed to fit the poles. The com- 


pleted coils after being mounted on the 
poles receive a number of dips and bakes 
in modern synthetic insulating varnish. 


With this type of coil the heat-transfer — 


coefficients are much higher than for a 
conventional coil. After the poles and 
coils are assembled in the frame, the com- 
plete assembly is dipped in modern syn- 
thetic varnish and baked to fill com- 
pletely and insulate all connections and 
joints so that they are sealed and pro- 
tected from water, oil, and other foreign 
materials that may enter the motor. 

The design constants of the motor have 
been made such that the motor has a very 


steep speed curve, and a wide range of @ 


field control can be used. These, to- 
gether with the engine-generator charac- 
teristics, Figure 4, make a locomotive 
with a wide range of full utilization of 
available engine horsepower. 

Since industrial Diesel-electric loco- 
motives are essentially slow-speed ma- 
chines, and transmission efficiency is an 
important factor, double-reduction gear- 
ing is superior to single-reduction gearing 
for this service. A much greater reduc- 
tion can be obtained with double-reduc- 
tion gearing than with single-reduction 
gearing, and, at the same time, clearance 
under the gear case can be maintained, 
as specified by the Interstate Commerce 
Commission. This can be done while 
still having ample top speed for in- 
dustrial service. Figure 6 shows motor 
losses at 110 degrees centigrade cop- 
per temperature, with an assumed two 
volts for brush drop, under starting condi- 
tions where good efficiency is most diffi- 
cult to obtain, and where the difference 
between transmissions is most noticeable. 
Figure 6, curve A, is for the double-reduc- 
tion motor with maximum reduction. 

Figure 6, curve B, is for a comparable 
single-reduction conventional motor with 
maximum reduction.. A study of this 
curve clearly shows the advantage of 
double reduction for locomotives that are 
not required to operate at high speed but 
are required to provide high tractive 
effort. Since at the starting point of the 
locomotive all the losses are in resistance, 
the difference between curve A and curve 
B in Figure 6 shows the additional trac- 
tive effort that can be produced with the 
double-reduction gearing over the single- 


reduction gearing for a given horsepower 
loss. 
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Correction for Saturation 
| | THOMAS C. McFARLAND 
‘ MEMBER AIEE 


T is generally agreed that the virtual 
or air-gap voltage of a salient-pole 
synchronous machine determines the 
saturation in the magnetic circuit. Stud- 
ies have indicated that the major 
portion of the saturation occurs in the 
poles of such machines. Consequently, 
it is logical to apply a correction as a lin- 
ear addition to the nominal or excitation 
voltage vector of the two-reaction dia- 
gram drawn with unsaturated constants, 
in order to ascertain the actual per-unit 
excitation necessary under load condi- 
tions which produce a certain air-gap volt- 
age. It is the purpose of this paper to 
present an analytical method for deter- 
mining the necessary correction. 

Careful tests have shown that the cor- 
rection for saturation which is to be added 
to the excitation voltage obtained without 
saturation can be quite accurately deter- 
mined for a given condition of loading by 
moving the zero-power-factor saturation 
curve for that load sothat it coincides with 
the no-load saturation curve below satura- 
tion.! In Figure 1 the dashed curve is de- 


termined by moving the zero-power-fac- 
tor load-saturation curve to the left a dis- 
tance Od=bc. The horizontal intercept 
ab between the air-gap line and the dashed 
curve is the total per-unit correction cor- 
responding to the condition of loading 
which produces a per-unit value of ig 
equal to the per-unit armature current of 
the load-saturation curve, and a compo- 
nent of air-gap voltage in phase with the 
excitation voltage equal to Oe.1? 

If a family of zero-power-factor load- 
saturation curves is available, by moving 
each curve to coincidence with the no- 
load saturation curve as explained above, 
a family of dashed correction curves is 
obtained. Since at zero power factor 7,.= 
ig, it follows that the parameter for this 
family of correction curves 1s 1g. Having 
such a family of curves the procedure 
would be to determine the excitation volt- 
age by drawing an unsaturated two-reac- 
tion diagram in accordance with the 
equivalent air-gap line drawn through a 
point on the no-load saturation curve 
equal to the air-gap voltage for the de- 
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2 
PER-UNIT EXCITATION 


Figure 1. Satura- 
tion curves 
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sired condition of loading. From this dia- 
gram 7, could be determined, and from 
the family of correction curves the inter- 
cept between the air-gap line and the 
curve of parameter 7, could be read corre- 
sponding to the direct-axis component of 
the air-gap voltage. 

The foregoing method of correcting for 
saturation is predicated upon the possi- 
bility of obtaining a family of correction 
curves, and this, in turn, depends on the 
ease and accuracy of the method used to 
secure the load-saturation curves. If the 
machine is already built, it may be pos- 
sible to get these curves by test methods, 
but unless these methods involve but a 
few simple no-load tests the practical im- 
portance of the curves is nil. The great- 
est value of the correction curves would 
come in designing synchronous machines 
and in the predetermination of their per- 
formance. An empirical procedure which 
facilitates the application of the above 
principles is to express the saturation 
curves by a general mathematical equa- 
tion and to employ saturation factors 
derived from the no-load saturation curve. 

A modification of Froelich’s equation 
for expressing a family of saturation 
curves is as follows: 


oa (i— Cig) (1) 
B+i-Dig 
wherein 


A, B, C, and D are constants to be evaluated 
14=per-unit field amperes or ampere turns 
ig=per-unit direct-axis component of arma- 

ture current 
V =per-unit volts 


Solving the equation for field excitation, 


, BV+(AC—DV)t4 
ee 


2 
A—vV. @) 


From equation 1 it is seen that when 1= 
Cig, V=0. Hence, by subtracting Cig 
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from the right side of equation 2 the ex- 
pression for the correction curve is ob- 
tained. As a result, for the correction 
curve 


_ BV+(C—D) Vig 
I 


A-V a 


The equation for the air-gap line, in per- 
unit values, is 


i=V (4) 


The total correction for saturation is the dif- 
ference between the air-gap line and the 
correction curve. Whence, subtracting 
equation 4 from equation 3 


ne VIV+(B-4)+(C—D)ia] 


A-V 2 


To evaluate the constants of the pre- 
ceding equations it is necessary to have 
the no-load saturation curve, the unsatu- 
rated per-unit direct-axis synchronous 
reactance, and one point on the full-load 
zero-power-factor saturation curve at 
about rated voltage. Constants A and B 
are found by solving two simultaneous 
equations which are derived by choosing 
two corresponding sets of values of V and 
z from the no-load saturation curve and 
substituting them into the relation 


+ Mice 
MB; 


(6) 


which is the expression for the no-load 
saturation curve, obtained from equation 
1 by making zg equal zero. The values of 
V and 7 should be chosen with one set at 
rated voltage and the other set with con- 
siderable saturation. 

The constant C is numerically equal 
to the unsaturated per-unit value of di- 
rect-axis synchronous reactance. From 
equation 1 it is seen that when V=0, C= 
i/ig=t when ig=1 per-unit. Excita 
tion 7 is necessary to circulate rated cur- 
rent when the machine is short-circuited. 
If 7 is held constant and the short circuit 
is removed, the voltage of an unsaturated 
machine will rise to the air-gap line. This 
voltage is the unsaturated synchronous- 
impedance drop. By virtue of the defini- 
tion of unit field excitation as that value 
which produces unit volts at the air-gap 
line, the per-unit value of i must equal the 
per-unit value of unsaturated direct-axis 
impedance. Hence, neglecting armature 
resistance, C is numerically equal to the 
unsaturated per-unit x,. 

If a test point on the full-load zero- 
power-factor saturation curve near rated 
voltage is available, the constant D may 
be found by substituting the correspond- 
ing values of V and 7 for this point into 
equation 1, along with the values of 4, B, 
and C, letting 7g equal unity. 
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1.0 
PER-UNIT VOLTAGE 


Figure 2. Saturation factor 


When no test point on the full-load 
zero-power-factor saturation. curve is 
available, the following empirical proce- 
dure may be used. At zero power factor 
the per-unit air-gap voltage may be taken 
equal to the algebraic sum of the per-unit 
terminal voltage and the per-unit arma- 
ture-leakage reactance. Through a value 
of voltage on the no-load saturation curve 
equal to the per-unit air-gap volts, draw 
an equivalent air-gap line. In Figure 1 
point g represents a per-unit value of air- 
gap volts. At rated voltage unit field ex- 
citation for the equivalent air-gap line is 
greater than unit excitation for the actual 
air-gap line by the ratio On/Om. There- 
fore, the excitation-voltage vector from 
an unsaturated two-reaction diagram re- 
ferred to the actual air-gap line must be 
multiplied by this ratio to refer it to the 
equivalent air-gap line. 

To account for increased saturation due 
to the presence of armature current a satu- 
ration factor’ may be used. In Figure 1 
the saturation factor corresponding to g 
is the ratio fh/fg; gh is the perpendicular 
distance of point g from the air-gap line. 
A corresponding factor for other voltages 
on the no-load saturation curve may be 
foundinasimilar manner. A plot of satu- 
ration factors as a function of per-unit 
volts is shown in Figure 2. 

A point on the correction curve corre- 
sponding to rated voltage is found as the 
product of the saturation factor at rated 
volts and the ratio On/Om. Addition of 
the unsaturated per-unit value of direct- 
axis synchronous reactance drop caused 
by load current 7g gives the desired point 
on the zero-power-factor load-saturation 
curve for substitution in equation 1 to de- 
termine constant D. 

As an illustration of the foregoing prin- 
ciples consider the computation of excita- 
tion characteristics for the 40-horsepower, 
440-volt, 6-pole, 1,200-rpm, 0.8-power- 
factor synchronous machine for which 
test data are given by Robertson, Rogers, 
and Dalziel! The unsaturated per-unit 
values of the machine constants are: r,= 
0.04, xe=0.086, xg=1.045, x,=0.55. 
The no-load saturation curve is shown in 
Figure 1. 
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To determine constants A and B 
values of V=1.0 and V=¥4 are chosen. 
Respective values of 7 are 1.25 and 3.04. 
Substitution of these values in equation 
6 gives two equations from which it may 
be determined that A=1.906 and B= 
1.133. 

C is found from the test data as being 
equal numerically to «a= 1.045. 

From Figure 1 the ratio On/Om= 1.38. 

From Figure 2 the saturation factor 
corresponding to rated voltage is seen to 
betel: 

Applying the procedure outlined above 
the per-unit excitation for rated voltage 
at the full-load zero-power-factor satura- 
tion curve is (1.11.38)+1.045 = 2.563. 
Substitution of these values in equation 
1 gives 


1.906(2.563 —1.045) 
1.133+2.563—D 
whence D =0.803 


By equation 5 the correction for satura- 
tion is 

_ VV—0.773+0.242%,) 

~ -1,906-V 


In applying this relation 7g is scaled from 
the two-reaction diagram and V is inter- 
preted as the projection of the air-gap 
voltage on the excitation voltage. For 
leading power factors with generators and 
for lagging power factors with motors the 
effect of armature reaction is magnetizing. 
In these cases the sign of 7g must be taken 
negative. 

When drawing the two-reaction dia- 
gram both the per-unit excitation and the 
power angle are usually desired. It has 
been shown that it makes little difference 
in the excitation whether the saturated or 
unsaturated constant x, be used, but the 
power angle is definitely influenced.? 
The saturated value of x, should be used 
for accuracy. Since the rate of saturation 
of the quadrature axis is roughly half that 
of the direct axis a saturation factor for 
xz can be found from Figure 2 as 1.0+ 
(f,—1)/2. Dividing the unsaturated 
value of x, by this factor gives a satu- 
rated value to be used in constructing the 
vector diagram. 

As a check on the accuracy of this 
method, consider Figure 5 of the paper 
by Robertson, Rogers, and Dalziel.t On 
this vector diagram V=1.217 and iz= 
0.647. Substitution of these values in the 
relation for the total correction gives 


aw 217.217 —-0.773+0. 157) 
1.906 —1-217 


=1.06 
Using the unsaturated value of x4 the ex- 


citation voltage for the case shown is 1.85 
per unit. Adding the correction gives a 
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I. Introduction 


HE use of compressed-air breakers 
_— for indoor service has become estab- 
lished by several field installations since 
the presentation of papers? describing 
these devices two years ago. At that time 
complete tests had been made justifying 
ratings to 1,500,000 kva. Since then, 
powerhouse requirements have demanded 
the development of similar breakers for 
2,500,000 kva. During the same interval 
new laboratory facilities have been pro- 
vided* which are capable of completely 
testing these large breakers. This paper 
describes the theory and construction of 
this new breaker and for the first time pre- 
sents test results of full 2,500,000 kwa 
under three-phase fault conditions, to- 
gether with a study of associated voltage 
recovery rates. 
With the completion of the 2,500,000- 
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kva rating, a complete series of indoor 
air breakers from 500,000 kva up is 
available which are common in funda- 
mental design and operating pressure. 
In fact, compressed air was chosen as the 
interrupting medium because it was found 
after study of many types of interrupter 
that this means alone was adequate 
throughout the range for an_ oilless 
breaker. 


Il. Transverse-Blast Compressed- 
Air Interrupters 


The transverse-air-flow type of inter- 
rupter has been shown to be capable of 
interrupting currents in excess of 60,000 
amperes and fundamentally does not ap- 
pear to have the current limitation in- 
herent in a nozzle type of interrupting ele- 
ment. Consequently, for the 2,500,000- 
kva breaker this general type of inter- 
rupter was chosen. Figure 1A shows a 
diagrammatic sketch of the form of the 
interrupting device, and Figure 1B shows 
a partial assembly of the actual apparatus. 

The interrupter is built up of alternate 
splitter plates and cooler units, disposed 
substantially parallel to the air blast and 
perpendicular to the are. The arc is 
drawn from back to front across the dis- 
charge end of the blast tube and blown 
into the ends of the slots of the splitter 


per-unit excitation of 2.91 which, by 
Figure 4 of the paper is equivalent to 
2.91X3.6=10.5 amperes. Table I of the 
paper shows a test value of 10.7 amperes. 

Consideration of Figure 6 in the paper 
by Robertson, Rogers, and Dalziel’ shows 
for an underexcited motor a condition of 
loading where V=1.095 and 7=0.25. 
Here 


_1,095(1.095—0.773—0.06) 
3 1.906—1.095 


=0.352 


The excitation voltage from this diagram 
is found to be 0.835. Whence the total ex- 
citation is 0.835+0.352=1.187. This is 
equivalent to 1.187 X3.6=4.27 amperes. 
Table I shows a test value of 4.36 am- 


peres. 
Application of the above procedure to 
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other machines has shown that this em- 
pirical method will result in values of per- 
unit excitation under saturated conditions 
which check fairly closely with actual test 
results. Besides giving reasonable ac- 
curacy it has the further advantages of re- 
quiring a minimum of test (or predeter- 
mined) data and of being easy to apply. 
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plates. The moving contacts are of the 
blade type, hinged at the lower end and 
rotated back and forth by an insulated 
pull rod. The outer contacts are for 
carrying current only, and the middle one 
has the additional function of drawing the 
arc in the interrupter. The current- 
carrying contacts are completely isolated 
from the arcing contact, and, upon open- 
ing, they part approximately one inch — 
ahead of arcing contacts. In the closed 
position, deep engagement into the sta- 
tionary finger contacts is obtained. In. 
the full open position the moving contacts 
are all completely withdrawn from the in- 
terrupter, so that an isolating air gap is 
placed in series with the interrupter, and 
all contacts are accessible for inspection. 
The assembly as shown is easily removed 
from the breaker; likewise, the inter- 
rupter can be removed as a unit from the 
contact assembly and supporting struc- 
ture. 

The actual interruption in an are cham- 
ber of this type is accomplished by the air 
stream driving the arc against and be- 
tween the lower ends of the splitter plates. 
When a normal current zero is reached the 
are core is in a comparatively highly ion- 
ized condition, as indicated by the con- 
siderable leakage current and damping ef- 
fect of the breaker on the recovery volt- 
age, after the current zero. 

The rate of deionization in a conducting 
gas column depends largely on conditions 
at the boundary where diffusion and re- 
combination are most effective; conse- 
quently, it is very important to approach 
the current zero with a highly turbulent 
atmosphere surrounding the arc core. In 
compressed-air circuit breakers these 
boundary conditions are largely deter- 
mined by the way in which the air flows 
with respect to the are. If an arc is 
blown into a splitter of refractory mate- 
rial, it will be forced against the edge of 
the splitter, where it will remain more or 
less stationary with respect to the splitter. 
The flow of high-velocity air parallel to 
the splitter will cause one side of the arc 
to be highly turbulent, a condition very 
favorable to deionization. The other side 
of the arc, however, will be closely pressed 
to the splitter where the air velocity is sub- 
stantially zero, and deionization will pro- 
ceed very slowly. If, however, the split- 
ter is made of some gas-evolving material 
such as fibre, an entirely different set of 
conditions will exist adjacent to the split- 
Letue 

As the air flow, parallel to the splitter, 
forces the arc against the splitter edge, the 
heat from the arc liberates gas from the 
fibre which projects itself away from the 
splitter and into the arc stream at high 
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Table |. Three-Phase Opening and Closing—Opening Tests on a Westinghouse Compressed-Air Circuit Breaker 


Current Interrupted 
(RMS Amperes) 


Test 
No. Phase 1 Phase 2 Phase 3 
Der sieic's WPAN, a ceo 6,200 Ae eperas 7,400.. 
2 xe atansie 6G S00is visi: 7 OO Rate iets 6,200 
Bae Maree GySOO Sr eackereke YM OD aco cho 6,200.. 
Aan verte (HANNS Ga gee 7,900 ‘ 7,700. 
Dingess 24: TOO auateoale 20, 000% ein ir 27,000.. 
Gitanctsy « SHO once Q2O00n ee ya 20, 000K. 
(actos *48°000). 0. «7495000. wos *49,000. . 
Biante 66,000 R ees 53,000...... 62,000.. 
Eiotiniate SA O00 kere OOOO ertevere. 82,000... 
LOW atetes. OT, 000s cuetec Wo LOOOesrerauns 90,000 
* Currents closed (amperes) 
Phase 1 Phase 2 Phase 3 
Crest values....150,000....95,000.... . 148,000 
Rms values,... 92,000....59,000..... 86,000 


velocity. This gas bombardment causes 
the are stream to be highly turbulent on 
the side toward the splitter, and the air 
flow causes the arc to be highly turbulent 
on the side away from the splitter. Thus, 
the entire body of the arc lends itself very 
readily to deionization by diffusion, by 
reason of its high turbulence.4 As a re- 
sult, the space adjacent to a single splitter 
can be made to recover dielectric strength 
at a rate equal to the rate of rise of re- 
covery voltage of the fastest powerhouse 
circuits, providing the ionized gas preced- 
ing the current zero is removed as fast as 
the current decreases toward its zero 
value. This condition is easily obtained 


if the rms value of the current being inter- 
rupted is small. As the current increases, 
the amount of gas liberated from the 
splitters becomes greater, and the air 
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4,000 Amperes, 15 Kv; 2,500,000 Kva Tested 13.2 Kv 


Circuit Transient 


Inches Contact Separation Arcing Time 
at Arc Extinction (Cycles) Tank Pressure Recovery-Voltage 
(Lb Per Operating Rate (Volts 
Phase 1 Phase 2 Phase 3 Phase1l Phase2 Phase 3 Sq In.) Duty Per Microsecond) 
Ts Shyerecicue Oe ica rica Ueshecwies Oe ates Oi Bet srae see). Ontelens teres 160 Siemans Oe EMS oe 700 
2 RY AG Gian O58 ssh VEO ee aren OG Oarare te OLS eye 4 0) Ore ee. a 160.54 -aottrs (OTR cacao ws 700 
1s Dive trene OSS est eters Maidivmstenes OTe ahs OB itis ine oi E oe whceiate WOO. i Fcc. SSO) res aan ae 700 
Ls Dieter Se He ren a Leds Oe Garters ON Dicctay 6: siesta eee BO easton the OR Aare ites 700 
DO ctatnnes Li Aides 2 Ol Marsests ORT Tarenates OO ete a Ofcom ne maraas TBO pence L Og Pure etre 1,170 
Pr We see etd Le retaretens USA neta y's 0. Tir euedscale Lo ee bee etl Beet ir) oy eae ey LSOG i tee oaks COsarai ie ea 1,170 
ead Sui kcee, Meestian OU Be evesaie OT cements Ongtan oateteus Ot Ou le ieommrre TSO ee eater COPROSe aade 1,750 
Areeats Oltniettsiars Dre Ounstsuerere LZ a enetstere Oana ted DG sats rao Ose treme ze, BBO sae a cs Oc Pek. wee 1,750 
Joe Secnree Bihar citer DD vit tee aU cheesy ORTH Gees Out. aterneres TSO Si haes OLDER Sens) aon 2 080 
Pro leAcrevsistais Ny cyate vanes PIR FRCS O By ons OES teks Odds apie rmeees LDQ: ccs tre CO RPA Ric: cyrhr 2,080 


blast may become incapable of removing it 
fast enough. A 60,000-ampere arc in an 
are-chute throat two inches wide will 
liberate sufficient gas from the splitter to 
cause the flow of gas to reverse a dis- 
tance of six inches against a driving pres- 
sure of 150 pounds per square inch. If 
the rate of rise of recovery voltage of the 
circuit is slow, the stalled flow will have 
time to recover velocity, and dielectric 
will be restored. However, if the recovery 
rate is fast, the space below the splitters 


Figure 1A _ (left). 
Schematic diagram 
of a transverse-flow 
compressed-air  cir- 
cuit breaker 
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INSULATION 
pa iar! Figure 1B (right). 

Pole-unitassembly of . 
a 2,500,000-kva 15- 
ky  compressed-air 
circuit breaker show- 
ing the contacts and 
partially dismantled 
interrupter, after hav- 
ing interrupted 11 
short circuits in ex- 


cess of 1,500,000 
kva 


STATIONARY 
CONTACT 
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will remain clogged too long and reigni- 
tion will result. Enlarging the throat of 
the arc chute or increasing the air pressure 
will obviously improve conditions; how- 
ever, both result in an increased air con- 
sumption for a nominal gain in interrupt- 
ing ability. Decreasing the volts per 
splitter by increasing the number of split- 
ters results in some gain, but again as the 
number of splitters is increased, the gas- 
evolving surface is also increased, and the 
gas removal becomes more of a problem. 
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Likewise, spacing the splitters further 
apart allows more gas to escape, but this 
allows the arc to loop between the split- 
ters a greater distance which in turn 
causes more gas to be liberated. 

Figure 2 shows the fundamentals of a 
simple solution to this problem. The arc 
chute consists of a narrow throat portion 


a2 


SPLITTERS 


IONIZED GAS BLOWN 
WITH AIR BLAST 


SLOT IN SPLITTER 

ARC 

AIR BLAST DEFLECTED 
BY ARC 


ARC CHUTE THROAT 
HIGH VELOCITY 
AIR BLAST 


_ Figure 2. 
_ chutes showing air flow under arcing conditions 


Cross-sectional diagram of arc 


_ and a wide portion. The splitters are full 
width and terminate at the narrow throat, 
having a notch cut into them just above 
the throat. The arc is blown into this 
notch which is well up into the wide por- 
_tion of the chute. Since the throat is nar- 
row and the approach to it is streamlined, 
the air approaches the are with a high 
velocity. When the instantaneous value 
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of the current is large, the are does not 
block the flow of air, but exerts only 
enough pressure on it to deflect it to the 
sides, thus allowing the flow to continue. 
This diverted flow washes away the ex- 
traneous ionized flame as the instan- 
taneous value of current decreases. By 
providing an escape for a continuous flow 
of air, the pressure on the arc never ex- 
ceeds that which is necessary to deflect 
the air around it, and consequently, it is 
not pressed too tightly against the split- 
ters which always results in too great evo- 
lution of gas and greater clogging. By 
using the means shown in Figure 2, it has 
been possible to build the interrupter for 
2,500,000 kva in reasonable dimensions 
and obtain entirely satisfactory operation 
with a tank pressure of 150 pounds per 
square inch, even with very high-voltage 
recovery rates. 


Ill. Breaker Construction and 
Operation 


Figure 8A shows a _ 4,000-ampere 
breaker mounted in a steel cell and set up 
for test at the East Pittsburgh high- 
power laboratory, for the Consolidated 
Edison Company. Figure 3B shows a 
schematic side elevation of the same 
breaker. It consists essentially of an air- 
storage tank at the bottom, an air-operat- 
ing mechanism at one side, suitable con- 
necting levers for operating the contacts, 
an air-duct between the tank and the 
vertically situated: arc chamber, and a 


Figure 3A (left). 
Three-pole 2,500,- 
000 - kva 15-kv 
4,000-ampere com- 
pressed-air circuit 
breaker in steel cell, 
set up for test at 
East Pittsburgh high- 
power laboratory 


Figure 3B (right). 

Sectional elevation 

showing side eleva- 

tion of the breaker 
in Figure 3A 
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separate mechanically operated blast 


- valve for each pole, 


This type of construction naturally 
places all parts of the breaker which oper- 
ate at ground potential including the 
pneumatic and electric control, in the 
lower compartment of the cubicle. The 
tank and mechanism which constitute the 
heaviest parts of the breaker may, there- 
fore, be supported directly on the floor 
where it is most accessible and completely 
separated by a horizontal barrier from the 
high potential compartment just above. 
This compartment, shown with the doors 
standing open, houses the contacts, inter- 
rupting elements, and all other live parts. 
The phases are separated from each other 
by removable vertical barriers extending 
inwardly from the hinge points of the 
doors. The contacts are very accessible 
for inspection; likewise, the barriers and 
interrupters may be easily withdrawn. 
Above the interrupter are diffusion cham- 
bers and mufflers, one for each phase. 
Upon interruption, the three mufflers dis- 
charge their gas into one common gas re- 
ceiving chamber, which commiunicates 
with the outside through ventilating 
grilles as shown. 

The flow of air for arc interruption is, 
therefore, as short and direct as possible, 
with no turns as it passes from the tank, 
through the blast valves and blast tubes 
across the arc and through the interrupter 
into the muffler and gas-receiving chamber 
at the top. 

This is a very important factor in re- 
ducing pressure requirements and the 
quantity of air consumed. Tests have 
shown that with earlier experimental 
forms of breakers built with a single blast 
valve and numerous turns in the blast air- 
supply piping that the major portion” of 
the energy stored in the air during com- 
pression is dissipated before the air stream 
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reaches the are chamber. With straight- 
line air flow these losses are reduced sev- 
eral fold. The three mechanically oper- 
ated blast valves can be closely timed 
with respect to contact separation so that 
an extremely high rate of flow of air 
through the interrupter occurs during ac- 
tual interruption, but the over-all air con- 
sumption is quite nominal. 

The operating mechanism consists of a 
single air cylinder, in which a piston moves 
vertically. The piston is connected to a 
torsion shaft through a lever, piston rod, 
and a single set of links. The torsion shaft 
operates three insulating pull rods which 
in turn are attached to the moving con- 
tacts of the three pole units. The blast 
valves (one for each pole unit) are located 
at the top of the tank and are operated by 
rocker arms from cam surfaces which are 
a part of the torsion shaft. It is, there- 
fore, possible to accurately synchronize 
the opening of the blast valve with the 
drawing of the arc in the interrupter. The 
cams and their co-operating parts are 
arranged to open the blast valve during 
the opening motion of the contacts only. 

To open the breaker, air is admitted to 
the upper side of the piston from the open- 
ing auxiliary chamber, through a pneu- 
matic relay, in response to a tripping im- 
pulse in an electropneumatic pilot valve. 
To close the breaker, air is admitted below 
the piston, from the closing auxiliary 
chamber, through a pneumatic relay in 
response to a closing impulse in another 
electropneumatic pilot valve. 


The volume of each of the auxiliary 
chambers is adjusted to some suitable per- 
centage of the volume of the operating 
cylinder and communicates with the 
main-pressure storage tank through a 
small hole of such size that it can charge 
an auxiliary chamber to full pressure in 
approximately one second. However, 
only a small amount of air can flow 
through this hole during the fraction of a 
second that it takes the piston to move 
from one end of the cylinder to the other. 
Thus, for instance, if the volume of the 
opening auxiliary chamber is one half of 
the volume of the operating cylinder, the 
pressure on the piston at the end of its 
travel will be approximately one third of 
the pressure at the beginning of its mo- 
tion. By this means, it is possible to 
obtain an accelerating force of several 
thousand pounds at the beginning of mo- 
tion and reduce this force to any predeter- 
mined value toward the end. This simple 
force system together with the toggle 
makes it possible to close the breaker 
against the heaviest short-circuit current; 
lock it in the closed position by moving 
the toggle over center, and upon opening, 
obtain high-speed contact separation. 

If, however, it is necessary to open the 
breaker immediately after closing, the air 
below the piston which was used to close 
the breaker must be exhausted. To take 
care of this, an exhaust valve is built into 
the side of the cylinder and actuated by 
the motion of the piston. This insures 
that an opening operation is independent 


of the time the breaker has remained in 
the closed position; likewise, it can be 
used to insure that the closing is inde- 
pendent of the time the breaker has re- 
mained in the open position. The equiva- 
lent of trip-free opening and high-speed 
reclosing is thus accomplished without 
latches, springs, or trip-free levers. 


IV. Air-Supply System 


The mechanical operation and arc in- 
terruption of indoor compressed-air cir- 
cuit breakers has been found to be unaf- 
fected by the temperature and moisture 
content of the air supply. However, mois- 
ture removal from the air is desirable to 
decrease corrosion, protect insulation, and 
eliminate any tendency from ice forma- 
tion in the valves or other pneumatic de- 
vices. These provisions are met by a sys- 
tem consisting of an intake filter, a two- 
stage compressor operating to 250 pounds 
per square inch; a cooling coil, small- 
storage, and moisture-elimination reser- 
voir; asecond cooling coil and large main- 
storage reservoir. This system is con- 
nected to the line through an automatic 
reducing valve which drops the pressure 
to 150 pounds per square inch. 

Elimination of oil vapors in the air sys- 
tem, essential to prevent explosion, is 
provided by the use of large slow-running 
compressors to prevent undue tempera- 
ture rise and adequate cooling by suitable 
coils to condense oil vapors. The com- 
pressor is also of such a design that it is 


Table Il. Three-Phase Opening and Closing-Opening Tests on a Westinghouse Compressed-Air Circuit Breaker 


4,000 Amperes, 15 Kv; 2,500,000 Kva Tested 13.2 Kv Line to Line, 60 Cycles 


Current Interrupted 
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Tank Pressure Recovery-Voltage 
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Crest values. ...160,000....247,000....197,000 
Rms values.... 95,000....150,000.... 113,000 


{ In tests 27-31 the line leads were connected to the lower terminals of the breaker, and the upper terminals short-circuited 
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difficult for crank-case oil to be carried 
into the air line. 

Auxiliaries in the air-supply system con- 
sist of safety valves and two automatic 
checks to prevent air from either storage 
reservoir flowing backward to the com- 
pressor, necessary gauges, automatic 
switch to start and stop the compressor, 
and an automatic alarm valve which pro- 
vides an indication if the pressure drops 
due to lack of compressor operation or 
serious leakage in the system. 

Air auxiliaries incorporated as a part of 
the circuit breakers themselves consist of 
an additional filter to prevent scale. and 
so on, from the line entering the breaker 
tank, an automatic two-way check valve 
which prevents flow of air from the 
breaker back into the line and also auto- 
matically closes in the event of too large 
an air flow to the breaker, which could be 
occasioned by exceptional breaker leak- 
age. An alarm valve and automatic lock- 
out valve are incorporated as part of the 
breaker to prevent its operation in case 


Table Ill. Single-Phase Tests to Determine 
Effect of Recovery Voltage 
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Tables I, II, and III are the results of a series of 
58 consecutive tests made without any maintenance 
on the breaker. Toward the end of the series the 
first two splitters in the arc chute were eroded 
sufficiently to lose some of their effectiveness, as 
evidenced by an increased variation in arcing time. 
The tests included in Table III, although valuable 
in indicating the life of the chute, are not as typical 
of the single-phase performance of the breaker in 
service as an earlier series of nine comsecutive tests 
which was started with a fresh set of splitters and 
which gave the data presented in Table IV. 
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the breaker pressure becomes too low. A 
safety valve and gauge are also included 
on each breaker tank, 

The breaker tank contains sufficient air 
for two-breaker operations without ob- 
taining additional supply from the main 
system, 


V. Test Results 


The breaker was tested with the high- 
power laboratory facilities described in 
the MacNeill—Batten paper,’ using two 
parallel generators at 13.2 kv, 60 cycles. 
Complete tests have been made, both 
single-phase and three-phase. 

Tables I and IT show a series of 31 con- 
secutive tests made on an interrupter of 
this type. The tests were all three-phase, 
13.2-kv, both opening and closing—open- 
ing, and with current values varying from 
The 


test with the highest current of this series. 


6,000 amperes to 105,000 amperes. 


105,000 amperes, was made with a tank 
pressure of 125 pounds per square inch 
and on a circuit with a rate of rise of recov- 
ery voltage of 2,080 volts per microsecond. 

The maximum current closed was 247,- 
000 amperes crest which had an rms value 
of 150,000 amperes. In nine of the 31 
tests, the power interrupted exceeded 


1,500,000 kva. For the 31 tests, the maxi- 
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Magnetic oscillogram of typical 


Table IV. Single-Phase Interrupting Tests on 
a Westinghouse Compressed-Air Circuit 
Breaker 


4,000 Amperes, 15 Kv; 2,500,000 Kva Tested 
at 150 Pounds Per Square Inch Tank Pressure 
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mum arcing time for any phase did not 
exceed 0.8 cycle, which due to asymmetry 
of the current wave means that the 
breaker never failed to clear the circuit 
when the contacts were more than a small 
fraction of an inch apart. 
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Figure 5. Magnetic oscillogram of an opening 
operation 


Test 10, Table |. 13.2 kv. Current inter- 
rupted 91,000, 73,000, and 90,000 amperes 
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Figure 6. Magnetic oscillogram of an opening 
operation 


Test 21, Table Il. 13.2 ky. Current inter- 
rupted 102,000, 98,000, and 80,000 amperes 


Figure 4 shows the oscillogram for test 
7, Table I, which was a closing—opening 
operation interrupting 48,000, 49,000, and 
49,000 amperes for the three phases, and 
closing in on 150,000, 95,000, and 148,000 
amperes crest or 92,000, 59,000, and 
86,000 amperes rms respectively. 

Figure 5 shows the oscillograms for 
test 10, Table I, which was an opening 
operation, interrupting 91,000, 73,000, 
and 90,000 amperes respectively for the 
three phases. 

Figure 6 shows the oscillogram for test 
21, Table II, which was an opening opera- 
tion, interrupting 102,000, 98,000, and 
80,000 amperes for the three phases, 

Figure 7 shows the oscillogram for test 
22, Table II, also an opening test, with 
105,000, 93,000, and 82,000 amperes in- 
terrupted for the three phases respec- 
tively. For this test the initial pressure in 
the tank was lowered to 125 pounds per 
square inch. 

The ten tests recorded in Table I were 
made to demonstrate the breaker to the 
engineers representing the Consolidated 
Edison Company. This was the first 
witness test of an interruption of a three- 
phase fault approximating 2,500,000 kva. 

Figure 1B shows the condition of the 
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Figure 7. Magnetic oscillogram of an opening 
operation 


Test 22, Table Il. 13.2 kv. Current inter- 
rupted 105,000, 93,000, and 82,000 amperes 


splitters, coolers, and contacts following 
the series of 40 tests as listed in Tables I, 
IL, arate! JOOE. 

The first two splitters showed erosion. 
The coolers were blackened slightly, and 
the arcing contacts were pitted; 
the breaker was still capable of carrying 
current and performing further inter- 
rupting duty. 


however, 


Table Ill. From left 
to right: 

(A) 13.2 kv, 35,000 
amperes, 100,000 


cycles per second. 
4,130 volts per mi- 
crosecond 


(B) 11.0 kv, 53,000 
amperes, 240,000 
cycles per second. 
7,100 volts per mi- 
crosecond 


(C) 12.0 kv, 76,000 
amperes, 32,000 
cycles per second. 
2,390 volts per mi- 
crosecond 


The external demonstration on all of 
these tests was negligible except for some 
smoke from the grille in the gas-receiving 
chamber. The noise was held to accept- 
able limits by the muffler system pre- 
viously described. 

During the development of the 2,500,- 
000-kva breaker, a total of 140 successful 
interrupting tests was made which were in 
excess of 1,500,000 kva. The function of 
such a large number of tests was to study 
design variations, various operating pres- 
sures, and different types of circuit-re- 
covery transients. It was found that the 
problem of obtaining satisfactory inter- 
ruption of 2,500,000 kva was one of con- 
siderable magnitude, even when a proven 
breaker of 1,500,000 kva was already avail- 
able. 


VI. Effect of Circuit-Recovery 
Rate 


In powerhouse service generator short- 
circuit currents would often exceed the 
capacity of circuit breakers if reactors 
were not used to limit these currents. 
These reactors are often placed near the 
circuit breaker, and this practice generally 
leads to calculated circuit voltage-re- 
covery rates which are very high. 

In case no reactor is used, the highest 
circuit voltage-recovery rate will be estab- 
lished by the natural frequency of the 
generators. Generally a single-frequency 
transient only is involved and the circuit 
recovery rate may reach approximately 
2,500 volts per microsecond. 

When the reactor is introduced, its 
natural period as well as the natural period 
of the generator is involved, and double- 
frequency recovery transients result. A 
natural frequency of the generator may be 
approximately 30,000 cycles, but the na- 
tural frequency introduced by the reactor 


Figure 8. Cathode-ray oscillograms corresponding to three single-phase tests 
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' 
ynopsis: A scheme of bus protection of- 
ering advantages in simplicity, speed, and 
ize uses linear couplers (air-core mutual 
‘eactances) in place of current transformers. 
This solves the troublesome problem of 
saturation and provides a linear relation- 
ship between secondary voltage and pri- 
mary current. The coupler secondaries for 
a given bus are connected in a series loop 
with the relay. When the currents entering 
and leaving the bus are equal, the net in- 
duced voltage in the relay loop is zero. 
For a fault on the bus, however, the net 
induced voltage, proportional to the fault 
urrent, operates the relay. The problems 
are: 


1. To utilize effectively the smaller available 
energy. 
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2. To build couplers of sufficiently equal mutual 
reactance and unaffected by stray fields, 


A toroidal coil solved the latter problem. 
Thorough tests have shown that the per- 
formance is strictly linear with respect to 
primary current, practically unaffected by 
the primary d-c transient, and thus can be 
calculated accurately and simply. 


HE linear coupler transformer is a 

constant mutual reactance connect- 
ing the primary circuit to the relay. It 
introduces a new principle into the pro- 
tective relaying art, a principle* that is 
fundamentally sound and that eliminates 
completely, at its source, the most trouble- 
some problem that has been standing in 
the way of simple high-speed bus protec- 
tion. That problem is saturation of the 
current transformers by the d-c transient 
current that flows for a number of cycles 
after the occurrence of a fault. Its solu- 
tion consists of dispensing with the iron, a 


* The principle of perfect linearity between pri- 
mary current and secondary induced voltage in 
couplers as described. 


solution that appears so obvious on the 
face of it that it is fair to inquire why it 
was not adopted years ago. This paper 
might stop right here were it not for the 
answer to the last question. 


As most frequently occurs, there were a 
number of obstacles to be hurdled between 
the quite obvious idea of leaving out the 
iron, and the completion of a successful 
bus-protective system using linear coupler 
transformers. Efficient coupler designs 
had to be developed, capable of deriving 
the maximum amount of energy obtain- 
able from the available space without the 
use of iron. New methods had to be de- 
vised to use effectively the lower energy 
level inherent in the elimination of the 
iron. This energy is adequate for the 
operation of an efficient a-c plunger-type 
element in most cases. Also, the develop- 
ment of the copper oxide rectifier to a 
highly reliable state during the last several 
years has made available in a-c circuits 
the sensitive and reliable action of the d-c 
polar-type of relay. This has greatly ex- 
tended the range of sensitivities possible 
with ironless transformers. 


New circuits were necessary, better 
suited than the conventional bus-differ- 
ential circuits, for use with the accurately 
linear mutual reactance. Here a new 
principle* was applied—a radical depar- 
ture from the principle of the conven- 
tional current transformer. 


The influence of external fields and posi- 
tional effects of the primary conductor on 


' 


may reach 200,000 cycles. Circuit re- 
covery rates based on the first crest of 
the recovery transients may be as high as 
approximately 12,000 volts per micro- 
second. 


The performance of the 2,500,000 com- 
pressed-air breaker has been studied with 
a wide variety of recovery-voltage condi- 
tions. A number of the important tests 
are summarized in Table III. The first 
part of the table lists a series of interrup- 
tions at 13,200 volts single phase and 8,000 

amperes. The circuit-recovery rate was 
_ varied from 300 volts per microsecond to 
13,600 volts per microsecond. To obtain 

the high recovery transients, a reactor was 

placed directly in the test cell with only a 
few feet of cable between it and the 
breaker. Interruption was satisfactory in 
all cases. 

The second portion of the table lists 
tests made at higher currents. To obtain 
these the laboratory circuit capacitance 
was reduced, as much as practical, and 
during several of these tests double-fre- 
quency recovery transients were obtained. 
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Three cathode-ray oscillograms of these 
interruptions are shown in Figure 9. One 
at 53,000 amperes was obtained with a 
circuit adjusted for 7,100 volts per micro- 
second. The second was obtained at 
35,000 amperes with the circuit adjusted 
for 4,130 volts per microsecond, and the 
third was obtained at 76,000 amperes 
with the circuit also adjusted for 2,390 
volts per microsecond. All three of these 
circuit conditions represent double-fre- 
quency transients, but in the second and 
third oscillograms the higher frequency is 
so greatly damped by the conduction cur- 
rent of the breaker following current zero 
that little trace of the oscillation appears 
in the recovery-voltage transient recorded 
by the oscillograph. 

These are the highest published voltage- 
recovery ‘rates measured on circuits on 
which heavy short-circuit tests have been 
made. 


VII. Conclusions 


The complete test results show that the 
2,500,000-kva compressed-air breaker, 
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which is the largest air powerhouse 
breaker ever built, is entirely adequate in 
interrupting capacity even in the case of 
extremely high-circuit voltage-recovery 
rates. The small external demonstration, 
ease of maintenance, complete freedom 
from fire hazard, and general mechanical 
simplicity indicate that there will be a 
growing tendency to utilize this type of 
breaker for indoor powerhouse installa- 
tion. 
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Figure 1. Schematic one-line diagram of con- 
nections showing application of linear couplers 


and relay to bus protection 


the response had to be dealt with. This 
was done not by brute force, but by bring- 
ing into play a useful theorem relating to 
coils wound on nonmagnetic cores of toroi- 
dal or ring shape. 

Methods had to be devised for winding 
toroidal coils conforming to the require- 
ments for efficient energy utilization and 
high accuracy without undue economic 
limitations. 

Thus, it is not simply the elimination of 
iron in a transformer but rather the tech- 
nique of using linear couplers in relaying 
circuits and presentation of the verifying 
tests which have necessitated this paper. 

To more fully understand the place 
filled by the linear-coupler scheme of bus 
protection, mention should be made of 
certain other schemes in current use. Bus- 
protection schemes that have received the 
most attention in recent years have re- 
volved about some form of current-differ- 
ential protection. The relays considered 
have varied from simple overcurrent re- 
lays! to various forms of restrained relays. 
Restrained relays have utilized either the 
fault current itself,? or harmonics in the 
differential current. Another method of 
attacking the problem from the stand- 
point of directional comparison‘ was pre- 
sented at the 1941 summer convention. 

Impedance and reactance schemes,§ 
measuring the impedance from the main 
incoming sources into the feeder reactors 
have also found considerable application 
where reactors are used and ratios of fault 
impedance to reactor impedance are such 
as to provide discrimination. However, 
they are necessarily restricted to certain 
busses which happen to fill these require- 
ments. The fault-bus scheme! is also ideal 
for certain new installations that can be 
arranged to accommodate it. 
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Table I. 
mum Through Fault* to Relay Setting for 
2-to-1 Safety Factor** 
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Coil 
Mutual Reactance Ratio of Maximum 

Tolerance Through Fault to 
(Per Cent) Relay Setting 

adalat ancoettreeh ai0).6 Lone ioteelehe or onartetatesisa Oil 

BD Ory ar nara ensn aon tea tonedoiie EMA 10:1 

MEDD ks clatelarenere a tersy ae eiamle edema ile rak 

a Ore te a rgenshacelacc neta sl cigtalerats 25e1 

as 122 B eiaitvaidvevetecshorsitonpuese sata) «Reena es 100:1 


*Rms symmetrical. 
**Larger ratios can be covered with proportionately 
reduced safety factors. ~ 

In all of the  current-differential 
schemes, the over-all performance neces- 
sarily depends upon the performance of 
the current transformer. For busses near 
large generating stations, the presence of 
the d-c component in asymmetrical fault 
currents has greatly magnified the prob- 
lem through its saturating effect? on the 
current transformers. 

Another related problem is the large 
ratio of maximum external fault current 
when the relay should not trip to mini- 
mum internal fault current when the relay 
should trip. A large ratio between these 
values is encountered in those stations 
where the neutral is grounded through an 
impedance, thus materially limiting the 
minimum phase-to-ground fault current 
for internal faults without limiting the 
maximum phase-to-phase and three-phase 
fault current for external faults. 

The very sensitive relay setting re- 
quired under this condition greatly mag- 
nifies the problem created by d-c satura- 
tion at high overcurrents. The problem 
has been solved in some instances by the 
use of extremely large current transform- 
ers designed not to saturate on the d-c 
component. What is felt to be the most 
practicable scheme to date utilizing cur- 
rent transformers of standard proportions 
is the multirestraint variable percentage 
scheme.? In this scheme particular at- 
tention is given to providing a sufficient 
number of restraining elements, actuated 
by the secondary fault current. Also, the 
principle of variable percentage charac- 
teristics is utilized by which means the re- 
lay sensitivity is reduced at the higher 
currents where current transformer per- 
formance is poorest. By this means a 
range of 100/1 between maximum external 
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Figure 2. Basic equivalent cir- 
cuits of linear coupler 
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Figure 3. Series-connection equivalent circuit 
of linear couplers 


fault current and relay setting may be 
covered without fear of false operation. 
An operating time of three to six cycles is 
secured through the use of the high-speed 
induction-type relay. 

Heretofore, the problem has been at- 
tacked from the standpoint of either mak- 
ing the current transformers more nearly 
perfect, which is a costly method, or of 
designing the relay to meet the limitations. 
of the current transformers. It is im- 
mediately obvious that if the current 
transformers were perfect in their response 
a simple overcurrent relay differentially 
connected would be all that would be 
necessary. One line of attack which has. 
been recently introduced involves the use 
of a special current transformer with air 
gaps in the core.5 This arrangement can 
be made high speed but cannot cover the 
100-to-1 range of the multirestraint vari- 
able-percentage scheme. The authors 
state its range as approximately 10 to 1. 

The linear-coupler scheme described 
herein is essentially a high-speed scheme 
covering a range at the present state of 
development of 17 to 1 with a 2-to-1 fac- 
tor of safety. Tests have shown this rat- 
ing to be quite conservative. 


Summary 


Linear couplers are distinguished from 
current transformers in having a constant 
mutual impedance even when the entire 
primary current acts as exciting current, 
with no current in the secondary. It is 
the function of a current transformer to 
produce in its secondary a miniature rep- 
lica of the current that flows in its pri- 
mary. It is the function of a linear cou- 
pler to produce in its secondary an internal 
voltage proportional to the current in its 
primary. To form a differential circuit, 
these voltages are added in series (Figure 
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Figure 4. Parallel-connection equivalent cir- 
cuit of linear couplers 
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Figure 5. D-c tran- 
sientcurrentin linear- 
coupler secondary 
circuit when primary 
current is initially 
fully offset 
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(4) Total d-c transient component 


(5) Resultant secondary current 


1), as distinguished from current trans- 
formers in which the currents are added in 
parallel. For an external fault the vector 
sum of all the primary currents is zero. 
Thus, the vector sum of all induced volt- 
ages is zero, and also the relay current is 
zero. For an internal fault the sum of the 
primary currents through legitimate cir- 
cuits is equal to the fault current. Con- 
sequently, the vector sum of all induced 
voltages is proportional to the fault cur- 
rent. The current in the relay is equal to 
the vector sum of the voltages acting 
around the relay loop divided by the loop 
impedance. Thus, this current is also 
proportional to the fault current. 

A one-cycle relaying scheme including 
couplers and relays has been developed, 
operating on the principle just outlined, 
and has been subjected to an exhaustive 
series of tests. Through type couplers of 
0.005 ohm mutual reactance were built in 
several sizes and shapes to fit in the usual 
bushing current-transformer compart- 
ments or for separate mounting. 

Sufficient energy is obtainable from 
couplers of this proportion to operate an 
a-c plunger-type relay for fault currents 
down to 1,500 amperes with a six-circuit 
bus and 2,000 amperes with a ten-circuit 
bus. Couplers of reasonable cost can be 
built to the desired mutual reactance 
within a tolerance of +1.5 per cent, thus 
permitting a maximum false differential of 
three per cent. Taking a 2-to-1 factor of 
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safety, this results in a minimum allow- 
able setting of six per cent or 1/17 of the 
maximum through fault current. The 
sensitivities obtained are ample for busses 
where the setting does not need to be be- 
low !/17 of the maximum bus fault. 

The tests have demonstrated this simple 
and straightforward scheme to be 
thoroughly reliable and practically free 
from transient effects, so that the perfor- 
mance can be readily calculated. Opera- 
tion under one cycle was obtained for 
practically all internal faults and in no 
cases were operations obtained on external 
faults within the limits prescribed for 
proper application. 

Tests have verified the feasibility of 
testing an actual bus installation with low 
steady-state currents to determine the 
performance to be expected under fault 
conditions. 

The following paragraphs include an 
outline of the theory of the linear-coupler 
scheme, a description of the apparatus em- 
ployed, and a résumé of the combination 
tests which have been conducted to verify 
the theory and prove the equipment de- 
signs. 


Theory of Linear-Coupler Circuits 


NOMENCLATURE 


M, m—Mutual reactance and inductance 
between the primary conductor and 
secondary winding of a linear coupler 
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Figure 6. Schematic internal diagram ot -elays 


(a) Simple plunger-type element 
(6) Sensitive polar-type element 


Z=r+jwL—Secondary self-impedance of a 
coupler 

Zs=fstjoLs=rs+jXs—Total 
of coupler-relay loop circuit 

E—Induced voltage in coupler 

E;—Vector sum of induced ‘voltages in 
coupler-relay loop 

I, i—Primary current, vector, and instan- 
taneous values. Subscripts 1, 2, 3, and 
so on designate the various bus circuits 

I;—Secondary current in the relay, vector 
value 

I,—Fault current, into the bus for an inter- 
nal fault; into and out of the bus for a 
through fault 

Ig—Vector sum of primary currents; equal 
to Jy for internal faults, and zero for 
external faults 


impedance 


EQUIVALENT CIRCUIT 


As illustrated in Figure 2b, the equiva- 
lent circuit of a linear coupler is simply 
an internal voltage of value 7M/, in series 
with an impedance of value Z. The 
equivalent circuit for transient condi- 
tions, Figure 2c, is of the same form. 
However, the internal voltage is then 
mdi/dt. An alternate form convenient for 
determining the transient response is also 
shown in Figure 2d. 

As will be shown later, the transient re- 
sponse of the couplers considered is negli- 
gible so that the steady-state response can 
be used for analyzing fault conditions. 
Thus, for calculations, the series connec- 
tion shown in Figure 1 may be treated 
through its equivalent circuit, Figure 3. 


SERIES CONNECTION — STEADY - STATE 
CONDITIONS 


The total voltage acting around the 
series circuit, Figure 3, is the vector sum 
of the individual voltages shown. If the 
mutual reactance, M, is the same for each 
coupler, the total voltage is equal to this 
mutual reactance, times Jz, the vector 
sum of the currents flowing into the bus. 

For internal fault conditions, the I, cur- 
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Figure 7. Schematic one-line diagram of con- 

nections showing the use of linear couplers and 

relays for separate phase and ground protec- 
tion 


rent is equal to the fault current J,, and 
the voltage induced in the loop is jMI,. 
The secondary current flowing in the relay 
is obtained by dividing this induced volt- 
age by the relay loop impedance. That is, 
for internal faults, 


Is=I;(jM/Zs) (1) 


For external fault conditions since the 
vector sum of the currents flowing into 
the bus is zero, the net voltage induced in 
the loop circuit is zero, and consequently 
the relay current is zero. If the incoming 
and outgoing mutual reactances differ by 
three per cent, a relay current is obtained 
having a value three per cent of that which 
flows for an internal fault of the same mag- 
nitude. Thus, with couplers built to a 
standard mutual reactance within +1.5 
per cent, the mutual reactances of the in- 
coming and outgoing couplers might differ 
by three per cent under the worst condi- 
tions. In order to maintain a 2:1 factor of 
safety, the relay should not be set below 
six per cent of the maximum through 
fault, since current values of three per 
cent are possible during external fault 
conditions when the relay should not oper- 
ate. Table I shows the mutual reactance 
tolerances required to permit different 
ratios of maximum through fault to relay 
setting with a 2:1 safety factor. 


SERIES CONNECTION—TRANSIENT CONDI- 
TIONS 


Internal Faults. An asymmetrical 
primary current wave contains an a-c 
component and a d-c transient compo- 


Figure 8. Type LC linear-coupler transformer 
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Figure 9. Positional effects of inner and return 
conductors on coupler winding 


As the center conductor is moved into the 
various possible positions, the mutual induct- 
ance will vary slightly. This variation is 
eliminated in a design with fixed primary bar 


As the return conductor is moved along the 
arc of a circle, the mutual inductance of it 
with respect to the torodial winding will vary, 
and will be substantially zero at two points 


nent, each of which produces a counterpart 
in the secondary loop circuit, having im- 
pedance Z,=7,+-jwL,=1,+jX¢. 

The secondary a-c component ampli- 
tude is M/Z, times that in the primary, as 
shown for the steady-state analysis. 

A primary d-c component of time con- 
stant, T, produces a secondary forced d-c 
component of the same time constant. 
Referring to Figure 2d, a current of time 
constant, 7, encounters mutual imped- 
ance —m/T, secondary branch impedance 
r;—(L,—m)/T, and sum of branches or 
secondary loop impedance +7,—L,/T. 
Hence, the initial forced d-c component in 
the secondary relay branch is —(m/T) + 
(r,—L,/T) times that in the primary. 

For a primary current wave initially 
fully displaced, the initial primary d-c 
component is equal to the negative ampli- 
tude of the primary a-c component, and 
therefore, the ratio of their secondary 
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components is obtained by dividing their 
transformat'on factors, given above. Rec- 
ognizing that wm=M, wl,=X, and that 
the components have opposite signs in the 
pr mary, this division gives: 


Forced d-c transient initial 


magnitude _ ' Zale 
Secondary a-c component wI—(X¢/rs) 
amplitude 


A positive value for this ratio signifies that 
the forced transient is in the same direc- 
tion as the initial a-c component in the 
secondary. 

In addition to the forced d-c transient, 
a free d-c transient current flows having 
an initial amplitude equal and opposite to 
the sum of initial a-c and forced transient 
initial amplitudes, thereby preventing a 
discontinuity. The free transient dies out 
with the time constant of the secondary 
loop circuit, T,=L,/r,. The ratio Xs/r; 
approximates unity for the linear-coupler 
circuits, resulting in 7, approximately 
0.00265 second or one-sixth of a cycle. 

The forced and free d-c transients decay 
and the a-c component reverses, as shown 
in Figures 5b and dc until somewhat less 
than one-half cycle after the fault a posi- 
tive peak is reached, which may be more 
or less than the steady-state value, de- 
pending on the magnitude and direction 
of the total d-c transient. Progressing 
further, the first negative peak is reached, 
and it can be greater than the steady a-c 
value if the total transient is negative at 
this point. 

The values of the total d-c transient at 
the first positive and first negative peak 
are shown in Figure 5a for the X,/r, ratio 
involved in linear-coupler circuits. The 
maximum overshoct of the first positive 
peak occurs for a long primary time con- 
stant. It is 5.4 per cent for a time con- 
stant of 15.9 cycles as illustrated in Figure 
5b. The maximum overshoot of a nega- 
tive peak occurs for a short time constant 
of about 0.64 cycle (condition C, Figure 
5a) and is 11.5 per cent. It is illustrated 


Figure 10. Arrangement of test bus for ten 
primary circuits and test diagram of primary 
and secondary circuits 
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in Figure 5c. Succeeding cycles involve 
much less overshoot. In the range of time 
constants usually involved, neither over- 
shoot is much over 5 per cent, as was veri- 
fied by the tests. Practically this tran- 
sient is negligible in making relay settings. 

For larger ratios of X,/r, much larger 
percentage overshoots occur on the first 
cycle. Kennedy and Sinks® show 60 to 80 
per cent overshoot at the first positive 
peak, with air-gap-type current trans- 
formers. 

External Faults. The amount of 
overshoot is of particular importance in 
connection with high-speed relaying since 
the false differential through the relay 
during through faults is increased in direct 


; proportion to it. 


: PARALLEL CONNECTION 


The current in the relay for the parallel 
connection has been given. With the 
nomenclature of Figure 4 it is 


where is the number of circuits, that is, 
n=4 for the four-circuit bus, Figure 4. 
This current is zero for external faults and 
is a definite proportion of the fault cur- 
rent for internal faults. For this connec- 
tion, it is necessary to have all secondary 
branch impedances equalized to a common 
value Z,. Resistance differentials due to 
temperature differences must, therefore, 
be considered. Assuming a relay matched 
to the parallel impedance of the couplers, 
a 30-degree centigrade temperature dif- 
ferential between incoming and outgoing 
circuits would cause approximately eight 
per cent false differential on through 
faults. 

The parallel connection has the advan- 
tage that it would trip correctly for an 
internal fault even with an inactive cou- 
pler open circuited. However, itissubject 
to the temperature errors mentioned 
above, and is not as readily supervised as 
the series loop arrangement. Also, even 
with equal mutual reactances the parallel 
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Figure 11.  Five- 
circuit bus test dia- 
gram and arrange- 
ment to obtain long 
d-c time constants in 
fault current transient 


A. Physical arrange- 
ment of couplers and 


primary winding INCOMING 
O 
CIRCUIT 
B. Test diagram of ¢ BREAKER 


primary and second- 

ary circuits TO TEST SOURCE 
connection involves the flow of secondary 
a-c and transient currents during through 
faults, whereas the series connection in- 
volves none. The simpler series loop 
arrangement is, therefore, preferred. 


Relaying Schemes Using Linear- 
Coupler Transformers 


A schematic one-line diagram of connec- 
tions utilizing linear couplers and a sensi- 
tive relay is shown in Figure 1. The re- 
quirements of a suitable relay to be uti- 
lized in this scheme are as follows: 


l. Since the amount of energy available 
is small, the relay must be quite sensitive. 
That is, the volt-amperes consumed by the 
relay at minimum pickup must be as low 
as possible. 


2. Because of the small amount of energy 
available, the impedance of the relay should 
be matched to that of the linear couplers 
in order that maximum efficiency may be 
obtained. This involves making the relay 
impedance equal to the series impedance 
of all of the couplers with which it is used. 
There are variations in the self-impedances 
of the various coupler designs depending 
principally upon the space available. Also, 
there are variations in the number of cir- 
cuits to a bus depending upon the applica- 
tion. For this reason the relay should have 
taps so that its impedance may be approxi- 
mately matched to that of the linear 
couplers to suit the application. 


3. Since the relay normally operates with 
no restraint at all, it should be shockproof. 


A schematic internal diagram of the re- 
lay wiring is shown in Figure 6. Taps are 
shown on the primary of a transformer to 
provide the necessary impedance-match- 
ing characteristic. With a given setting 
on the relay element, the use of a tapped 
primary winding on the transformer 
supplying this element will obviously 
change the minimum tripping current of 
the relay as expressed in terms of current 
in the tapped winding. However, this 
does not change the amount of energy re- 
quired to operate the relay as expressed in 
volt-amperes. 

The minimum primary current upon 
which the scheme shown in Figure 1 will 
operate is determined by the mutual im- 
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pedance of the linear couplers together 
with the total impedance of the secondary 
circuit, and the minimum pickup energy 
required by the relay. In any given ap- 
plication the minimum value may be 
determined from the known constants of 
the circuit by the simple calculations in- 
dicated by equation 1. 

In determining upon a suitable relay 
design for this application, requirement 1 
as listed above requires the most atten- 
tion. Providing impedance taps as listed 
under requirement 2 is a simple matter. 
In making tests of the over-all scheme, 
two relay designs were provided which are 
not necessarily the last word. The first of 
these involves a simple plunger-type of 
overcurrent element of medium sensitivity 
which is inherently shockproof. A second 
relay was built around a polar-type relay 
element. This element required the use of 
a rectifying unit for its operation and 
operates reliably at very low energy. The 
sensitivity of the two elements is dealt 
with more fully under test results, but it is 
of interest to note here that for each relay 
the minimum pickup current as expressed 
in primary amperes was calculated with 
gratifying accuracy. 

Separate Ground Relay. At the pres- 
ent time linear couplers have not been 
manufactured which would be sufficiently 
accurate to permit their use in an applica- 
tion where the range of maximum external 
fault current to minimum internal fault 
current is as great as 100/1, as sometimes 
occurs on high-impedance grounded sys- 
tems. A possible means of expanding the 
range involves the use of a separate 
ground relay. The schematic diagram of 
connections for this is shown in Figure 7. 
This scheme anticipates the use of a 
ground relay set sufficiently low to detect 
the min’mum internal ground fault. 
However, means must be taken to prevent 
the relay from operating for heavy ex- 
ternal interphase faults. In other words, 
at the current magnitude experienced for 
heavy interphase faults, the variation in 
response of linear couplers may be suffi- 
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Figure 12. Oscillograms of pertinent fault 


tests 


(a) For item 3 test, a 55,200-ampere bus 
fault showing high-speed one-quarter-cycle 
operation of plunger-type relay 


(b) For item 7 test, a 50,800-ampere a-c 
component through fault with the couplers 
deliberately adjusted to give maximum error 
differential. It shows 1.61 per cent differen- 
tial and no operation of the plunger-type 
relay (set to respond for a 2,450 ampere bus 
fault, 4.83 per cent of the 50,800-ampere 
through fault). While the fault current was 
initially 95 per cent offset with a short 1.2- 
cycle d-c time constant, the differential cur- 
rent shows negligible transient effect 


(c) For item 26 test, a 125,000-ampere a-c 
component through fault initially 95 per cent 
offset with a long 8.2 cycle d-c time constant. 
It shows negligible transient effect in the dif- 
ferential current. The 0.89 per cent false 
differential did not operate the relay (set to 
respond for a 1,820-ampere bus fault, 1.45 
per cent of the 125,000-ampere through 
fault) 


cient to cause operation of the ground re- 
lay because of its sensitive setting. 

The separate ground relay will be used 
only in those stations where there is an 
impedance in the station neutral connec- 
tion limiting the phase-to-ground fault 
current on the bus to a value too low for 
the phase relays to detect. 


The Linear Coupler Design and 
Construction 


The linear coupler is simply an air-core 
mutual inductance, and as such may be 
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designed and built in any of a large num- 
ber of ways. The choice of method was 
selected after study of the required proper- 
ties of the coupler: 


(a) Accurate constant mutual inductance 
with respect to the primary circuit. 


(6) Negligible mutual inductance to any 
external or neighboring circuit. 


(c) A sufficiently high ratio of mutual in- 
ductance to internal impedance to obtain 
the power output required for the relay. 
Requirements (a) and (6) practically 
demand that the secondary winding be a 
toroidal or ring winding, as this type of 
winding is practically without mutual in- 
ductance to external circuits and has con- 
stant mutual inductance to the primary 
circuit. Current in a secondary winding, 
uniformly wound on a nonmagnetic toroi- 
dal core approaches a uniform current 
sheet of finite thickness which produces 
only circular flux lines confined entirely 
within the winding and core. All this flux 
links a conductor passing anywhere 
through the opening of the core, and none 
of it links a conductor not passing through 
no matter low close it may be. The pres- 
ence of neighboring iron outside of the 
winding has no influence since there is no 
magnetomotive force outside of the cur- 
rent sheet. Thus, the secondary winding 
has a definite mutual reactance with re- 
spect to a linking conductor and zero mu- 
tual reactance with respect to a conductor 
that does not pass through the opening. 
While the mutual reactances have been 
visualized in terms of the flux linking the 
primary for current in the secondary, the 
relationship is reciprocal. Thus, for the 
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ideal case of a perfectly uniform secondary 
winding, the voltage induced therein per 
ampere in the primary is a definite value 
if the primary conductor links the core, 
and is zero if it does not. 

Practically, a close approach to the unt- 
form sheet winding is realized, the depar- 
tures therefrom being evaluated by test. 
The secondary is wound back on itself to 
avoid any single-turn effect of progressive 
spiraling around the core. 

For bus protection, minimum fault cur-_ 
rents which must be detected are usually 
high enough that economical designs can 
be made to deliver sufficient energy to the 
relay when only one primary turn is used. 
The practical design for bus protection, 
therefore, usually takes the general form 
of a through-type current transformer, 
with an air-core ring winding. Figure 8 
shows a type for separate mounting. 

The calculation of the mutual induct- 
ance and output capacity of the device is 
very easily worked out according to well- 
known fundamental formulas. The prin- 
cipal manufacturing problem is to make 
ring windings which are sufficiently per- 
fect 


1. To be free from induction from neigh- 
boring conductors. 


2. To have a mutual inductance which de- 
parts from the exact required values by only 
a sufficiently small per cent for all possible 
positions of primary conductor. 


These two requirements may each be 
expressed in terms of the variation from 
the desired value. The actual coupler will 
have a definite, though very small mutuah 
inductance with the return conductor, 
which may be expressed in per cent of the 
mutual inductance to the primary con- 
ductor. This inductance will vary with 
the spacing and angular position of the re- 
turn conductor, according to Figure 9, and 
will usually be zero for two positions and 
maximum for two other positions. 

A final source of variation is error in 
calibration of the mutual inductance. In 
order to obtain mutual inductances within 
the necessary tolerances, adjustments are 
required after winding the coils. The 
linear couplers are tested by balancing 
them against a standard mutual induct- 
anice. 

Considering all of the sources of varia- 
tion as mentioned above, it appears quite 
practical at the present time to control the 
mutual reactances of couplers within + 1.5 
per cent in commercial production. 


Combination Tests 
Combination tests were made to prove 
that it was practical and safe to use a 


simple overcurrent-type high-speed relay 
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2,430 amperes. Test item 1 with 10 cir- 
cuits energized, and item 2 with only one 
‘circuit energized, both give pickup at 
2,450 amperes when the fault current is 
proportioned for unity pickup. Based on 
= 1 per cent tolerance in the couplers this 
sensitivity should be safe for through-fault 
currents of 25 times 2,450 or 61,000 am- 
peres. Items 5 to 7 for external faults 
show that it was safe as the relay current 
remained below half pickup value. In 
items 6 and 7 the fault current into the 
bus was supplied by four circuits and out 
from the bus through one circuit with the 
five remaining circuits ‘idle’ represent- 
ing feeders with no feed back. Item 6 
~ shows normal low (0.25 per cent) differ- 
ential and item 7 the maximum (1.61 per 
cent) differential obtainable after deliber- 
ately adjusting the coupler positions for 
maximum astatic effects. The oscillo- 
gram, Figure 12b, for item 7, shows a fault 
current of 50,800 amperes rms a-c com- 
ponent, J,, plus 68,300 amperes initial d-c 
component decaying with a short-time 
constant of 1.2 cycles; and a secondary 
differential current, practically free of d-c 
transient, having an a-c component, J,, of 
0.031 ampere which gave no relay opera- 
tion. These measured data and addi- 
tional derived data are given in the tabula- 
tion. Based on a 0.005-ohm mutual (five 
volts induced per 1,000 amperes) the 
50,800-ampere fault should induce +254 
volts total in the incoming-circuit couplers 
and —254 volts in the outgoing-circuit 
coupler, which would leave no differential 
voltage to circulate secondary current. 
Actually, 0.0310 ampere flowed which 
multiplied by the loop impedance, Z,, in- 
dicated a differential of 4.09 volts or 1.61 
per cent. The relay current, 7,, equals 
0.0310 ampere and represents 0.365 times 
its pickup value of 0.085 ampere. Oscillo- 
gram, Figure 12a, for item 3, shows one- 
fourth cycle operation of the plunger-type 
relay for a 55,200-ampere high-current in- 
ternal fault. 


Items 8 to 14 also apply for the 10-cir- 
cuit bus but show the performance of the 
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more sensitive polar-type relay having a 


sensitivity of 511 amperes. Items 15 to 
18 cover a six-circuit bus arrangement. 
Items 19 to 22 are for a two-circuit ar- 
rangement and were included to show the 
maximum obtainable differential. 


The performance of the five-circuit bus 
arrangement, Figure 11, for long d-c time 
constant is shown in items 23 to 27. The 
fault current J, tabulated is the equivalent 
value based on a single primary conductor. 
For item 23, the center-coupler secondary 
was deliberately reversed to represent an 
internal fault and the current increased 
gradually until the relays just operated at 
1,820 amperes. The center-coupler sec- 
ondary connection was then restored to 
normal, and the induced and differential 
voltages measured with the secondary cir- 
cuit open. These induced voltage tests, 
item 24, showed 0.89 per cent differential 
over a wide range of steady-state currents, 
and this percentage differential was sub- 
stantiated by subsequent transient-fault 
tests, items 25 to 27. This, therefore, illus- 
trates the possibility of testing an actual 
bus installation with low steady-state cur- 
rents to determine the performance to be 
expected under fault current. Figure 12c 
shows the oscillogram for item 26, a 125,- 
000-ampere a-c component through fault 
(representing 69 times relay sensitivity) 
which was initially 95 per cent offset, in- 
volving a 170,000-ampere d-c component 
decaying slowly with a time constant of 
8.2 cycles or 0.137 second. Again the dif- 
ferential current is not offset but quite 
symmetrical, and the free transient as 
shown at the end of the fault lasts only a 
small portion of a cycle. A comparison 
with Figure 12b for item 7 shows that the 
d-c component and its time constant have 
a quite negligible effect on the differential 
current. Based on the differential cur- 
rent of item 26, showing 0.61 of relay pick- 
up for a 125,000-ampere through fault, 
relay operation is expected for through 
faults in excess of 125,000/0.61 = 205,000 
amperes; and item 27 shows relay opera- 
tion at 216,000 amperes with 1.06 times 
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relay pickup, verifying the 205,000 am- 
pere through-fault pickup. 

Summarizing, the primary current re- 
quired to pick up the relay for bus faults — 
was found to be almost precisely as cal- 
culated and showed no perceptible tran- 
sient effect on pickup or speed of opera- 
tion as a result of d-c component current. 
The pickup depended only on fault-cur- 
rent magnitude and was independent of 
its distribution. For external faults the 
secondary differential was found to aver- 
age about one fourth of the tolerance band.. 
It did not exceed the tolerance band even 
when a deliberate attempt was made to 
get maximum astatic effect. The tests, 
therefore, verified the fact that the maxi- 
mum differential for through faults can be 
calculated with assurance. Above all, the 
staged fault tests demonstrated that the 
d-c transients, which are so troublesome 
with current transformers because of the 
d-c saturation effects in the iron, have a 
very negligible effect on the coupler- 
differential performance, and therefore, it 
is quite feasible to test an actual bus in- 
stallation by circulating low-value steady- 
state current. 
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pacity may be realized by the reduction of 
generator kilovar requirements and the pro- 
vision of reactive capacity sources at other 
points in the system. The factors to be 
considered in the choice of various reactive 
sources are discussed. Benefits to be realized 
from the various reactive sources are de- 
scribed. The paper is based upon system 


plan studies of a large eastern utility. 


IN determining a system's capacity re- 
quirements for supplying the electric 
load—kilowatts and kilovars under all 
conditions of operation throughout the 
year—a comprehensive capacity and load 


‘study is necessary. This was particularly 


emphasized by two operating experiences 
on the system of the Public Service Elec- 
tric and Gas Company. The first episode 
was a system voltage disturbance which 
occurred on October 30, 1938, and the 
second a system shutdown which occurred 
as a result of a 132-kv bus fault at Rose- 
land switching station on July 11, 1940. 
Investigations of these operations intro- 
duced the following subjects for considera- 
tion: 

1. The proper kilowatt and kilovar load- 
ing of individual generators, considering 


their economy, thermal, and stability char- 


acteristics. 


2. The amount and distribution of various 
forms of kilovar capacity throughout the 
system. 


3. Certain improvements in system protec- 
tion, particularly with respect to more rapid 
fault removal and the maintenance of ade- 
quate backup protection. 

4. Installation of certain tap-changing- 
under-load equipment to maintain bus volt- 
ages within certain limits and to make all 
generator kilovar capacity available to the 
system at all times. 


5. And finally a more thorough analysis of 
the kilowatt and kilovar loads on the system. 


Studies have progressed to such a point 
that a fairly complete report can be made 
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of the conclusions which have been 
reached. Continuing studies may lead 
to other equally important conclusions, 
but, in general, they will probably be only 
refinements of the conclusions now 


_ Teached. The application of these con- 


clusions is particularly important at this 
time with the present scarcity of materials 
and the necessity for added capacity to 
meet greatly increased industrial loads. 


General Description of System 


A description of the Public Service 
Electric and Gas Company system is 
necessary as some of the results of the 
studies presented may hold for this system 
alone; similar studies would have to be 
conducted on other systems to reach cor- 
responding conclusions. The layout of 
this system is not unlike many others but 
the load for the 1941 hourly integrated 
peak, which was 852,100 kw, is probably 
more concentrated than most, being spread 
over an area of approximately 1,400 square 
miles. This area is roughly rectangular 
in shape, and about 100 miles long. 

Five generating stations supply the ter- 
ritory, three of which, Essex, Kearny, and 
Marion, are located in the Newark mead- 
ows area. Four stations, Essex, Kearny, 
Marion, and Burlington, are connected to- 
gether by a 132-kv bulk power system; 
Perth Amboy, the smallest and least im- 
portant station, feeds directly into the 
subtransmission system supplying central 
New Jersey. Three stations, Essex, 
Marion, and Burlington, also supply local 
subtransmission systems. 

Other subtransmission areas are sup- 
plied by Hudson, Athenia, West Orange, 
Metuchen, Trenton, and Camden switch- 
ing stations, which are connected to the 
bulk power system. In addition, the Rose- 
land switching station connects the Public 
Service system to the Pennsylvania-New 
Jersey 220-kv system and the New Jersey 
Power and Light Company 110-kv sys- 
tem. Several other small interconnections 
are tied to the various subtransmission 
networks. 

Figure 1 shows diagrammatically the 
location of the generating stations and 
switching stations, and the layout of the 
bulk supply and subtransmission lines. 
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All generators are normally hand-regu- 
lated and controlled under orders of a 
central load dispatcher. Several large 
synchronous condensers and frequency 
changers are located at switching stations 
and several small synchronous condensers 
and numerous small motor-generator sets 
which can be overexcited are located in 
substations. The larger synchronous con- 
densers provide automatic regulation to 
some degree. Practically every four-kilo- 
volt distribution circuit is provided with 
+ ten per cent or + five per cent induc- 
tion or tap-changing regulators and many 
circuits with low power-factor load are 
equipped with one or more banks of static 
capacitors. There are 708 four-kilovolt 
distribution circuits; 143 of these are en- 
tirely underground, 28 are more than 50 
per cent underground and 87 are less than 
50 per cent underground and the remain- 
ing 450 circuits are practically all over- 
head. There are 506 radial distribution 
circuits, 109 pure multiple-network cir- 
cuits and 93 combination multiple-net- 
work and radial circuits supplying 90 sepa- 
rate networks. 


Kilowatt Supply 


In purchasing new units, it has been the 
practice to purchase turbines which have 
sufficient capacity to deliver full generator 
kilovolt-amperes output at 100 per cent 
power factor. Therefore, it has been pos- 
sible to rerate the kilowatt output of the 
turbine-generators originally purchased 
on an 80 per cent or 85 per cent power- 
factor basis by 


1. Increasing the power-factor and kilo- 
watt rating of the generator and in some 
cases the power output of the turbine. 


2. Taking advantage of any increased rat- 
ing developed on field tests. 


3. Using autotransformers to step up the 
voltage rating of the generator thereby 
gaining increased kilowatt, kilovolt-ampere, 
and power-factor ratings. 


Table I shows the present turbine-gener- 
ator capacities as of December 8, 1941, 
totaling 919,550 kw which is greater than 
the original kilowatt ratings by 20 per cent 
primarily due to increases in power-factor 
ratings. Work is now going forward on 
the installation of autotransformers on 
Kearny units 2 and 4 which will increase 
their kilowatt rating from 47,250 kw at 90 
per cent power factor to 54,300 kw at 95 
per cent power factor each. 

Appreciating that these increased rat- 
ings approach the economy, thermal, and 
stability limitations of the machines, ex- 
tensive studies and tests have been carried 
out to determine the values of these limita- 
tions. After an analysis of the various 
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Substations indicated by a 
number but not accompa- 


Figure 1. Transmission system and inter- 


connections of the Public Service Electric 
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machine limits, Table II was prepared to 
give the kilowatt and kilovar capacity 
figures for 1941 under various conditions. 
The “summer normal” ratings are based 
on sufficient reduction in kilowatt output 
to obtain the maximum kilovar output 
with full kilovolt-ampere output. This is 
illustrated by the generator-output chart 
of Figure 2. These charts are not avail- 
able for all machines so that some of these 
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SUBSTATION 

SWITCHING STATION 
FUTURE SWITCHING STATION 
GENERATING STATION 
FUTURE GENERATING STATION 
I3 KV AND 26 KV LINES 

66 KV LINES 

NOKV LINES 
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ratings are subject to some adjustment 
after further study and tests. 

On the generator-output chart, the ver- 
tical line at the right represents the nomi- 
nal output of the turbine in kilowatts. 
The quarter circle represents the kilovolt- 
ampere rating of the generator while the 
almost horizontal line represents the 
kilovar limit of the generator as deter- 
mined by the maximum possible field 
current. The heavy line comprised of the 
vertical line, possibly a segment of the 
quarter circle, and the almost horizontal 
line represent the actual kilowatt- and 
kilovar-output limits of the generator, 
The important factor to note is that the 
full kilovolt-ampere output of the gener- 
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Public Service System Kilowatt and Kilovar Capacities—1941 
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Public Service system machines have 
ratings as synchronous condensers of only 
about 65 per cent of their kilovolt- 
ampere rating. 

Since stability ratings are relative 
values, the criterion assumed for the 
transient-stability studies of individual 
machines was that the phase-angle dis- 
placement for a selected rating should not 
exceed 50 per cent of the pull-out angle in 
the time required to clear a fault at the 
machine terminals. The studies show 
that the phase-angle displacement is much 
more dependent on the turbine power 
output than on the generator power 
factor. Therefore, generator power-fac- 
tor limits have been raised to 95 per cent 
which are shown in Table II. 

The kilowatt ratings given are within 
all limitations on all condensing turbine- 
generators. In the cases of the noncon- 
densing units (that is, the superposed ma- 
chines) the ratings given are within all 
limitations except the stability limit for 


May 1942, Vov. 61 


A—Essex 4, 5, 6 can deliver 37,500 kw each only if Essex 7 isin operation. With the low-pressure boilers 
only, there is insufficient steam-pipe capacity to these units. 


B—Depends on ability of low-pressure units to absorb steam from high-pressure unit 10. 


faults on the 13,200-volt bus to which the 
particular machine is connected. There- 
fore, during lightning or sleet storms 
when system trouble is frequently experi- 
enced, it may become desirable to favor 
the loading of these units by shifting the 
load from them to less efficient units 
normally operating in reserve. 

So far consideration has been given 
only to the limitations in the electrical 
plant, but the use of superposed units 
and large high-pressure boilers introduces 
the factor of boiler capacity into the 
kilowatt supply problem. Low-pressure 
boilers connected to a main header with 
one spare boiler installed for a group of 
ten or so were desirable and economical. 
However, with high-pressure high-capital- 
cost boilers which should require clean- 
ing only once in six months, the economy 
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of a spare boiler is questionable. There- 
fore, a large high-pressure boiler outage 
generally makes unavailable some high- 
pressure turbine capacity due to this 
lack of flexibility in the boiler plant. The 
tables shown in this paper do not make 
allowances for both boiler and generator 
outages in different stations. This prob- 
lem requires further study and a definite 
conclusion regarding the relations of the 
boiler plant to system capacity. 


Kilovar Supply 


Table III shows the present-system re- 
active capacity other than in generators 
as of December 1, 1941. Some of this 
capacity is considered as either a part 
of the load or nonfirm; 260,900 kilovars 
is firm capacity, which is considered the 
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KVAR 


Figure 2. Generator output chart showing 
typical relative kilowatt and kilovar capacity 


same as generator capacity. This has 
been installed largely to correct power 
factor and relieve overloaded or low- 
voltage conditions as they have developed 
individually. Recently, as the static- 
capacitor program developed, the broader 
picture of kilovar supply has been studied 
so as to co-ordinate the entire program. 
Prompted by the desire to obtain in- 
creased kilowatt generator ratings to 
meet the recent greatly increased indus- 
trial loads, the past conception of carry- 
ing the major part of the kilovar load on 
the generators has had to be abandoned 
in favor of kilovar capacity installed at 
the load. The problem has therefore de- 
veloped into the manner in which this 
could be accomplished with the greatest 
speed and lowest cost. 

Kilovar capacity can be provided by 
the use of 


Extra copper in the generator stator and 
_ field windings 
Synchronous condensers 


Oversize synchronous motors on motor- 
generator sets 


Static capacitors 


Reactive capacity on customers’ premises 


The use of reactive capacity in one 
form or another and in appropriate loca- 
tions, can accomplish the following 
results in addition to the obvious one of 
carrying reactive load: _ 


Control voltage (raise only, with static ca- 
pacitor) 


Reduce kilvolt-ampere load between the 
capacity and the generator 


Reduce system investment 
Reduce system losses due to kilowatts and 
kilovars 


An analysis has been made of the sys- 
tem costs to determine those elements 
which are affected by low power factor, 
starting with the generator as a base and 
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extending to the first load point of the 
distribution circuit. 
station, only the cost of the generator 
and its switching equipment has been 
assumed to vary. In switching stations 
and substations, only transformers and 
switching equipment have been con- 
sidered, omitting land, building, masonry 
compartments, and switchboard. In bulk 
supply lines, rights of way have been 
omitted, and in subtransmission and dis- 
tribution circuits rights of way, poles, 
and conduits have been neglected. On 
this basis the incremental investment per 
kilovolt-ampere which varies with the 
load power factor has been determined. 

The relative net cost of installing kilo- 
vat capacity in generators, large syn- 
chronous condensers in switching stations, 
small synchronous condensers in sub- 
stations and static capacitors on dis- 
tribution circuits has been determined, 
evaluating the cost of the equivalent 
kilovar capacity, the added system in- 
vestment component effected by kilovar 
loading, and the incremental losses. 
These computations show that 


1. The static-capacitor installations are the 
most economical because they are close to 
the load. 


2. The small added cost of providing re- 
active capacity in generators is next least 
expensive even with the added system in- 
vestment and no saving in losses. 


3. Adding capacity in the form of syn- 
chronous condensers wherever located is the 
most expensive of all due to their higher 
initial cost. 


Of course, these conclusions apply only to 
the Public Service system or to those 
cases where the breakdown of system 
costs is nearly the same. Other situa- 
tions would have to be analyzed similarly 
to arrive at a proper answer. 

The limit on the amount of static 
capacitors which can be installed without 
switching depends upon the kilovar load 
at light-load periods, the permissible 
generator power factor, and the limita- 
tions on the distribution system. To 
determine the maximum amount of static 
capacitors which can be installed, the 
annual kilovar load duration curve for 
the Public Service system was estimated 
for 1942 based on past records and is 
shown in Figure 3. This figure shows a 
minimum net 250,000-kilovar load in- 
cluding the effects of the inherent reactive 
capacity in the system; however, an 
investigation of the possible locations 
showed that the capacitor installations 
should be limited to 150,000 kilovars 
effective at their location. At peak loads 
this would have the effect of reducing the 
kilovar load on generators by nearly 
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200,000 kilovars. It is felt that further 
experience may show that the distribu- 
tion plant can absorb more of this capac- 
ity without encountering the problem of 
picking up the system after a major 
shutdown, and also without experiencing 
a_ self-excitation problem on_ lightly- 
loaded generators. After the limit of 
static capacitors is reached, if additional 
reactive capacity cannot be provided 
economically in new generators or main- 
tained in existing generators, because of — 
the value of their kilowatt output, syn- 
chronous condensers offer a quick and eco- 
nomical way in which kilowatt genera- 
tion can be obtained to meet unexpected 
demands. The higher over-all cost of 
large synchronous condensers may be 
partly offset by the convenience of their 
operation and their stabilizing effects. 


Static Capacitors 


Provision of reactive capacity for sys- 
tem purposes in the distribution plant, in 
the form of static (shunt) capacitors, in 
addition to improving system conditions 
with respect to increased kilowatt and 
kilovar capacities and reduced system 
losses, affords marked advantages in the 
distribution plant itself in the form of 
postponement of facilities, improvement 
of voltages, and decrease of losses. These 
features of the shunt capacitor have been 
so well-publicized that extended com- 
ment appears unnecessary. It should be 
pointed out, however, that when system 
requirements dictate such installation of 
shunt capacitors, the location within the 
associated part of the distribution system - 
may be so selected that optimum concur- 
rent distribution benefits are achieved. 
Since the major justification of such in- 
stallation lies with the system require- 
ments, some expansion of the natural field 
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Table IV. Comparison of 1942 Summer Loads and 1941 Summer Normal Capacity 
$$$ 


ow 


Reactive Capacity Considered as Part of the Load 
25 railway motor-generator sets. . 29,000 


29,000 
Bulk transmission system 
132-kv cable 9 miles............ 35,000 
132-kv open wire miles......... 22,900 
' 57,900 
Subiransmission system 
13/26-kv cable 554 miles........ 27,500 
13/26-kv open wire 638 miles..... 1,500 
29,000 
Total Reactive Capacity in Load......... 115,900 


*Plus or minus 2,000 depending on load on Marion 
frequency changer. 


of the shunt capacitor is warranted in the 
realization of minor distribution econo- 
mies. Under present long-delivery sched- 
ules for equipment, the capacitor may 
well be employed as a temporary expedi- 
ent for overload conditions without ex- 
treme penalty, because of its low instal- 
lation cost and high mobility. Further- 
more, long-range economy of the capacti- 
tor versus other forms of plant addition 
may now indicate the capacitor as the 
proper solution because of the temporary 
nature of certain loads now being taken 
on and the high salvage value which is 
realized in the capacitor. 

The experience gained from some 125,- 
000 kva-years of shunt capacitor opera- 
tion may be of interest to those who are as 
yet undecided as to the desirable charac- 
teristics of capacitors. On the Public 
Service system bulk capacitors are in- 
stalled in 180-kva, three-phase banks, 
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tral circuits equipped with capacitors 
have required use of neutral reactor on 
the capacitor bank; but the cost of such 
corrective equipment is not regarded as 
sufficient to prove out the capacitor for 
its peculiar purposes. 

The operating record of all capacitor 
units on the Public Service system is re- 
garded as highly satisfactory. Of a total 
of some 5,600 15-kva units, 25 units have 
been removed from the lines for various 
reasons. Of this number, 17 units failed 
electrically after service periods of from 
one month to two years. The remaining 
eight units developed mechanical dif- 
ficulties, such as bulged tank, leaking 
bushing, or open tank seam, requiring 
removal of the unit for repairs. 


Improvements in System 
Protection 


Recognizing that markedly increasing 
the kilowatt rating of generators has de- 
creased their original margin of stability, 
it has become necessary to adopt several 
measures for improving the system pro- 
tection. Many stability studies have 
shown that the best means of increasing 
the stability of a system, aside from 
eliminating faults or restricting them to a 
single phase, is rapid fault removal. 
Reference has already been made to the 
slight improvement in stability with 
higher generator field strengths or lower 
power-factor operation of high-speed low- 
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4. Installation of automatic-generator field 
control to insure the proper maintenance of 
adequate field strengths at all times. 


5. Installation of high-speed carrier and 
pilot-wire relays in the bulk supply lines 
and more important subtransmission lines. 


6. Installation of voltage-controlled sys- 
tem-segregating relays to act as backup pro- 
tection on prolonged system disturbances. 


7. Splitting of 132-kv system into separate 
or higher impedance systems by operating 
with sectionalized busses at certain loca- 
tions. 


8. Continuance of bus differential protec- 
tion on all principal busses under all condi- 
tions of operation. 


Tap-Changing Equipment 


Following the normal practice of hand 
field regulation on generators and carry- 
ing as much of the kilovar load on the 
generators as is possible or economical 
may lead to excessive voltage gradients 
in the transmission and distribution 
system. Also faced with the necessity 
of maintaining certain voltage limits on 
switching station, substation, and high- 
voltage customer busses and holding 
within a +3 per cent voltage variation 
on regulated primary and secondary cus- 
tomers’ services, it becomes necessary 
to install either synchronous condensers 
in substations or tap-changing-under- 
load equipment on certain step-up and 
step-down transformers even though the 
generator busses are regulated higher 
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during heavy-load periods and lower at 
light loads. In some cases tap-changing 
equipment is cheaper, if sufficient kilovar 
capacity is available, and the kilovar 
load can be transmitted without incur- 
ring too much loss. 

In fact, tap-changing equipment is 
necessary to some extent to avoid building 
up excess reserves of kilovar capacity. 
Network-analyzer load-flow studies have 
demonstrated that unavailable kilovar 
capacity may be as much as ten per cent 
of the installed capacity, and the installa- 
tion of tap changers in transformers be- 
tween generating stations can frequently 
make much of this capacity available 
and still meet given bus-voltage limita- 
tions. Therefore this type of equipment 
may avoid the installation of kilovar 
capacity by keeping the unavailable kilo- 
var capacity to a minimum and maintain- 
ing customers’ service voltages within 
given limits when sufficient kilovar capac- 
ity is available in generators or con- 
densers at other locations. It is, there- 
fore, possible to install kilovar capacity 
at the most advantageous location which 
will release other capacity for the benefit 
of other locations. The installation of a 
+5 per cent tap-changing transformer at 
Essex generating station will release ap- 
proximately 25,000 kilovars of excess 
station capacity to the system and at the 
same time will improve the 132-kv system 
voltage conditions. 


Analysis of Loads and Comparison 
With Capacity 


There must be sufficient power and 
reactive capacity (kilowatts and kilo- 
vars) in service to handle the system 
loads under all reasonable conditions. It 
is already obvious that the power capac- 
ity is provided by turbine generators. 
In the Public Service system there is a 
slight amount available in interconnection 
diversity entitlements and load curtail- 
ment obtainable by operating all-service 
busses on their gasoline engines. The 
maximum power capacity is a relatively 
definite figure, being fixed by the outputs 
of the various turbines as shown in Table 
oe 

The reactive capacity consists of the 
excess capacity in generator stator and 
field windings and the capacities of syn- 
chronous condensers and motors and 
static capacitors, plus a proportionate 
share of the capacitance in the 220-kv 
system. The maximum reactive capac- 
ity is a relatively indefinite figure since 
the excess capacity in generators is 
highly variable depending on the kilowatt 
load carried as shown in Figure 2. Ac- 
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‘cording to the power output of the 


generators and their power factors, their 
reactive outputs may vary through an 
overall range of 0 per cent up to 65 per 
cent of their kilovolt-ampere ratings. 

As with kilowatts the installed kilo- 
var capacity on the system must be 
greater than the arithmetic sum of the 
kilovar loads and the assumed reserves 
except that 


1. Generator kilowatt outputs and bus- 
voltage limitations make it impossible to 
distribute the kilovar load among the sources 
exactly. 


2. When kilowatts are being. taken from 
an interconnection during an emergency, it 
must be possible to supply kilovars to that 
interconnection in order to maintain a 
reasonable voltage. 


Therefore, a greater percentage of kilo- 
var reserves is required than for kilo- 
watt reserves. 

Kilowatt and kilovar loads are deter- 
mined by the reading and summation of 
all sources of this capacity considering 
the losses in the transmission and dis- 
tribution system as a part of the load. 
The kilovar losses in the system are par- 
tially offset by the inherent reactive 
capacity in the system considered as a 
part of the load. Kilowatt and kilovar 
quantities are metered directly because 
power-factor meters and kilovolt-ampere 
readings do not permit a sufficiently ac- 
curate determination of these quantities. 
System load data for Public Service Com- 
pany are estimated for 1941 and 1942 as 
shown in Table A. 


Table A 


1941 1942 


Mega- Mega- Mega- Mega- 
watts vars watts vars 


Condition 


Annual peak, De- 
cember (5-6 p.m. 
hourlyintegrated)..878....627....965....692 
Winter day acme VAD es COOL ee S llama tlt 
Summer day........ M84, 23. (OO sea OlSe cn O20 


Every additional kilowatt of industrial 
load (day load) has associated with it 
approximately one kilovar of reactive 
load; this reactive load must be carried 
just as surely as the power load. There- 
fore, every kilowatt of turbine capacity 
added to the system must have added 
with it one kilovar of reactive capacity 
for industrial load and about one-half 
kilovar for residential load. Since re- 
active loads cannot be economically trans- 
mitted as far as power loads, this means 
that reactive capacity needs to be selected 
and located more carefully than power 
capacity, generally closer to the load. 


Sels, Seely—Supply of Kilowatts and Kilovars 


It is evident from the system load 
data that the lower day load power factor 
requires a portion of the kilowatt capacity 
over the December peak to handle the 
succeeding heavy summer kilovar load. 
Also the December peak kilowatt load 
does not greatly exceed the following 
summer kilowatt load. Therefore in any 
given calendar year when the load is 
steadily growing the required installed 
capacity is determined when maintenance 
schedules are the heaviest and failures 
and system disturbances are most likely 
to occur, that is during the summer 
period. 

Consideration has been given to kilo- 
watt- and kilovar-load reduction by re- 
ducing system voltage, but since system- 
and customer-voltage regulation is ob- 
tained by feeder regulators installed in 
substations, the system voltage reduction 
would not take effect until the regulators 
had locked out. Since system stability 
is also rapidly decreased with system 
voltage, and tests have shown that a 
reduction in voltage reduces the load al- 
most proportionately, this scheme of load 
reduction is not considered feasible or de- 
sirable. Hence the problem reduces to 
one of providing adequate facilities. If, 
for any reason these facilities are not 
sufficient, load must be dropped or cus- 
tomers must be called upon for load re- 
duction. 


A comparison of 1942 summer load and 
summer normal capacity is shown in 
Table IV for the Public Service system 
with one and two units out of service. 
Based on such a study, the 1942 program 
for 150,000 kilovars of additional re- 
active capacity was authorized. This is 
made up of 50,000 kva of static capacitors 
installed on distribution circuits which 
reaches the established limit of 150,000 
kilovars of capacitor installations and 
77,500 kva of synchronous condensers in 
7,500-kva and 5,000-kva units installed 
on four-kilovolt busses in substations. 
This 127,500 kva of installed capacity 
together with the calculated reduction 
in system losses makes up the 150,C00 
kilovars shown in the tabulation. Some 
of this capacity may be used to permit 
higher power-factor operation of the 
generators during the summer. Main- 
tenance schedules for 1942 have been ar- 
ranged so that no more than one unit is 
expected to be unavailable for any cause 
during the summer, and the spinning 
reserves on the Pennsylvania-New Jersey 
interconnection are sufficient to meet all 
requirements. 

A similar tabulation for 1943 shows 
that an additional 30,000 kilovars of 
capacity is required, and this is to be 


ELECTRICAL ENGINEERING 


~~ 


MEMBER AIEE 


‘Synopsis: Several large wind-tunnel drives 
recently built have involved a system of 
speed control which has seldom been used 
commercially, and a number of new prob- 
lems had to be solved. The system consists 
of a wound-rotor induction motor whose 
slip rings are connected to a synchronous 
motor driving a variable-speed d-c generator 
which feeds a constant-speed d-c-a-c set 
putting the major part of the secondary 
power back into the line. 

This drive is found to be very efficient 
and particularly suited to very large fan or 
‘pump drives where a wide range of speed is 
required. The problems of steady-state and 
dynamic stability are discussed and some 
novel methods of analysis given. 


ARGE wind tunnels require a wide 
range of speed and accurate speed 
control and if their use factor is high, a 
high efficiency over the working range is 
desirable. Also minimum disturbance to 
the power system is important in many 
cases. To meet these requirements a 
speed-control system has been adopted 
which, while not new in principle, involved 
the solution of a number of interesting 
problems. The system as shown in Figure 
1 consists of a wound-rotor driving motor 
(A) whose secondary winding feeds a syn- 
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chronous motor (S,) driving a variable- 
speed d-c generator (DC) which in turn 
drives a d-c-a-e set (DC, and .S:) to re- 
turn most of the secondary power back to 
the line. The name ‘modified Kramer 
set’’ is suggested by the authors since the 
scheme involves conversion of the second- 
ary power to d-c and field control for the 
speed changes as in the well-known 
Kramer set. The term ‘‘modified’’ was 
used because the Kramer set used a rotary 
converter and the d-c power was usually 
fed into a d-c motor on the same shaft as 
the main motor. Another descriptive 
name would be asynchronous-synchro- 
nous cascade. 


Speed Control and Design Features 


Speed control is accomplished in this 
system by controlling the speed of the 
variable-speed set, and as long as the syn- 
chronous machine remains in synchro- 
nism with the induced secondary voltage, 
the motor must run at a speed correspond- 
ing to the difference in frequencies. The 
speed of the variable-speed set can be ad- 
justed by changing field of either the d-c 
motor or the d-c generator, just as in a 


provided by the installation of a 30,000- 
kva outdoor hydrogen-cooled synchro- 
nous condenser at Roseland switching 
station. This will continue the main- 
tenance of generator kilowatt ratings for 
high industrial loads. 


Conclusions 


It is not the intention of the authors to 
summarize or restate the many con- 
clusions which have been tabulated 
throughout the article but to close their 
case by focusing attention on three things: 


1. The data which form the basis of the 
studies apply only to the Public Service 
system and should not form the basis of a 
generalization but may be accepted as a 
method of analysis. 


2. Reactive capacity in one form or an- 
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other, particularly static capacitors, can 
quickly make available additional kilowatt 
capacity and, by proper location, postpone 
the installation of additional transmission 
and distribution facilities. 


3. The conception of a separate kilowatt 
and kilovar load and supply should offer a 
practical means of presenting to administra- 
tive officers the highly technical problem of 
providing adequate electrical-supply facili- 
ties. 


It is hoped that a method of analyzing 
facilities for the supply of kilowatt and 
kilovar loads has been presented so that 
utility engineers may at this time of 
shortages in materials approach the 
problem objectively with the intention 
of getting the utmost capacity out of 
existing equipment without decreasing 
the services which are so urgently needed 
by industry and the nation. 
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wide-range variable-voltage d-c system. 
The inherent speed regulation is deter- 
mined by the regulation of the d-c ma- 
chines. The application of an accurate 
speed regulator to such a system is a sub- 
ject in itself, too lengthy for this paper. 
It is apparent that automatic control of 
the speed can be had by controlling the 
d-c fields. 

The constant-speed set is started first 
since it is smaller and requires relatively 
little starting current. The variable- 
speed set may then be brought to speed 
and the synchronous motor field ener- 
gized. In this manner it is possible to ex- 
cite the main motor from the secondary 
while it is stationary and disconnected 
from the line. After careful adjustment of 
frequency and voltage, the primary wind- 
ing may be synchronized just as an on- 
coming generator may be. This control 
also can be made fully automatic. 

In order to understand the design prob- 
lem involved, one must consider the power 
distribution as shown in Figure 2 for a 
typical fan curve. It will be seen that the 
maximum secondary power to be handled 
occurs at two thirds of synchronous speed, 
but the maximum torque on the variable- 
speed set will be at full speed. Hence it is 
desirable to work at full flux throughout 
the upper range of speed, obtaining speed 
control by changing the field of the con- 
stant-speed d-c motor. However, in order 
to limit the size of this d-c motor it is 
found desirable to obtain the lower part 
of the speed range by field control of the 
generator holding nearly constant d-c 
voltage. The exact point of changing 
from control of motor to generator field is 
determined by the economics of the de- 
sign. 


Steady-State Stability 


Some interesting problems arise in con- 
nection with the stability of such a com- 
bination, and the methods developed for 
handling these may be of value in other 
similar problems. 

Since the synchronous motor must stay 
in synchronism, the machines must be de- 
signed so that their combined characteris- 
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Schematic diagram of drive and 
auxiliary machines 


Figure 1. 


Asynchronous-synchronous cascade 


tics result in stability. For the steady- 
state synchronizing-torque calculation, 
the induction motor may be treated ap- 
proximately as a transformer with high 
magnetizing current just as in the con- 
ventional induction-motor theory. How- 
ever, the secondary circuit now includes 
the impedances and the internal voltage 
of the synchronous machine. Hence the 
stability calculation resolves itself into a 
simple two-machine problem. 

Another exact method was given in a 
previous paper on the doubly fed ma- 
chine.t. This consisted in resolving the 
torque into componeuts: 


1S [1272s PV ARR x 


sin (6+a)] : 


P+m? 


where /;, m,, 1 and m are functions of the 
slip s. The first component is the well- 
known induction-motor torque (but, of 
course, including the total secondary-cir- 
cuit impedance). The second component 
is due to the primary resistance and second- 
ary excitation and is negative. The third 
component is a function of theangle (6+ a) 
and when smaller than 90 degrees results 
in positive torque increasing with the 
angle. 

The components of the stator current of 
the induction motor are due to primary 
voltage and the synchronous-machine ex- 
citation. 


+jh 
enone d 
l+jm 
cos 6—j sin 6 
a ee 
12 L2 ltjm 


Thus the angle between J; and —lh», will 
be 


p=6 — tan} ze 
J, 


The primary current J, is determined by 
the output and power factor desired at a 
given speed. For the same speed (slip) 
the current component J; can be easily 
found by solving the equivalent circuit 
for E;,=0 or by using adequate formulas 
or from the circle diagram of the induc- 
tion machine for E;,=0. Thus the cur- 
rent component Ji, can be found as the 
geometrical difference between J; and J,:. 
In Figure 3, the primary current J; is 
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Figure 2. Characteristic curves 


fixed. The current component J; is found 
from the circle diagram A as the current 
corresponding to the slip on which J; is 
based. Assuming constant slip and vari- 
able angle 6 between £,, and E;, the vec- 
tor Jy, will not change its position, the 
vector Jy. will describe a circle (B in 
Figure 3) with the end point of J as 
center and Jj, as radius. This circle is the 
circle diagram of the primary current J, 
for constant slip and variable angle 6. 
From this it is possible to judge the ap- 
proximate overload capacity of the ma- 
chine for the conditions given by the cur-_ 
rent f,. 


Dynamic Stability 


The load, the driving motor, and the 
connected sets constitute a system of 
masses connected by springs or by elec- 
trical ties which act like spring connec- 
tions. These masses can oscillate at a 
number of different natural frequencies 
corresponding to different modes of vibra- 
tion. These modes of vibration could 
theoretically be excited by pulsating 
torques or could be set in sustained oscilla- 
tion if there was sufficient energy fed into 
the oscillating system by the negative 
damping characteristics of some machine. 

Before analyzing the rest of the system 
it is well to consider the nature of nega- 
tive damping in such machines. A 
method of analysis for negative damping 
in both the doubly fed machine and the 
synchronous machines has been dis- 
cussed in previous papers’? and is being 
discussed in another current paper. 
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Figure 3. 


machine 


However, it is possible to get a very clear 
picture of the physical problems and fair 
quantitative results for large machines by 
making some simplifying assumptions. 
These are: 

The per-unit primary resistance of the large 
induction motor is small. 

The rotor impedances of the synchronous 
motor at the oscillation frequency are equal 
on the two axes. 

This gives a revolving field of flux link- 
ing the stator winding of the induction 
motor which is determined only by the 
fixed primary voltage and frequency. 
Any small angular oscillations of the rotor 
induce additional voltages in the second- 
ary at slip frequency plus the oscillation 
frequency and slip frequency minus oscil- 
lation frequency. These voltages are 
superimposed on.the steady-state quanti- 
ties and act through the reactance of the 
induction machine (as viewed from the 
secondary) and the equivalent imped- 
ances of the synchronous machine. Both 
of these extra components induce oscilla- 
tion frequency currents in the rotor of the 
synchronous machine, and its impedance 
must be evaluated on this basis. This 
would form a basis for calculation as in- 
dicated in appendix A, in which the damp- 
ing coefficient is determined from the 
speed-torque curve of the induction motor 
withits rotor short circuited through the 
impedance of the synchronous machine. 
The negative-damping coefiicient (ratio of 
change in torque to change in velocity) in 
per unit is shown to be the slope of a line 
drawn between two points at (s+ A) and 
(s— A) slip values. To further simplify 
the approximate solution, let us assume 
that the resistance of the rotor circuit of 
the synchronous machine is negligible 
while considering the effects of primary 
resistance, and that the primary resist- 
ance is negligible while considering the 
effects of secondary resistance. 
approximately true because the reactance 
predominates in determining the currents 
and amplitudes, so that the losses and in- 
phase components of currents may be 
approximated by calculating the effect of 
the resistances one at a time. 
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resistances. 
currents involved are at slip frequency 
plus and minus the oscillation frequency, 


Figure 4. Electrical analogy for the parts of 
: a mechanical system 


This results in the approximate solution 
that the resistance of the secondary cir- 
cuit acts to cause a negative damping 
whose value depends on the slope of the 
speed-torque curve of the induction motor 
iort-circuited through the impedance of 
the synchronous machine, neglecting rotor 
Again since the actual rotor 


this slope is to be determined between two 


points at slip values (s+ A) and (s— a). 


This can readily be seen to be true for the 
case where the oscillation frequency be- 
comes very low, and one may think of 
the oscillation as moving from point to 
point on the speed-torque curve. 

The effect of the resistance of the syn- 
chronous-motor rotor circuits is to pro- 
duce positive damping of any angular os- 
cillations between the machines. Again 


the same concept of taking the slope of 
the speed-torque curve may be used, ex- 


cept that the slip is zero. One can make 
an approximate allowance far the differ- 
ence on the two axes by taking the direct- 
axis equivalent circuit and a voltage pro- 
portional to the flux in the quadrature 
axis, and a voltage for the quadrature-axis 
flux proportional to the direct-axis flux. 
This relation is due to the fact that it is 


_ the flux on one axis that induces voltage 


in the rotor circuit of the other axis due 


_ to small angular oscillations. 


ELECTRICAL EQUIVALENT OF MECHANICAL 


SYSTEMS 


According to well-known methods one 
can analyze torsional vibration problems 
by representing the parts by their elec- 
trical equivalents, as shown in Table I. 
Thus the equivalent circuit for the fan 
load and the induction machines will be 


represented by Figure 4A. Ly and Ry 
Table | 
Electrical 
Mechanical Quantities Equivalent 
Angular velocity.......-..++e+ee+- Current (J) 
PROLGUCsHe ade ces sts cncmese Voltage (E) 
Moment of inertia.......2--+0+++ Inductance (L) 
Torsional flexibility (reciprocal of J 
Giligierae Ls non cube ee ao CUNO Capacity (C) 
Damping (loss proportional to os- : 
cillation velocity squared)......- Resistance (R) 
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Ls} D) 


Cak 
r ce es 7 Ro Ke Co) Ka 


ledae 


Ls>D>RspCS2 


correspond to the moment of inertia and 
the damping of the fan; Cy4 represents 
the spring of the shaft between the fan and 
the rotor of the induction machine; L, 
corresponds to the moment of inertia of 
the rotor of the induction machine. C, 
and R, correspond to the change of power 
of the induction machine due to the syn- 
chronizing torque, and the damping be- 
tween the synchronous machine (.S;) and 
the induction machine. The resistance 
R, can be negative for negative damping, 

The moments of inertia (L) will be ex- 
pressed in pound-feet-seconds? per me- 
chanical radian, the synchronizing torques 
and torsional stiffness (1/C) in pound-feet 
per mechanical radian, and the damping 
torques (R) in pound-feet-seconds per me- 
chanical radian. 

Since the synchronous machine (S;) has 
a different number of poles and a different 
angular velocity (speed) than the induc- 
tion machine, the capacitance and the re- 
sistance that correspond to its synchroniz- 
ing torque and its damping will have other 
values than those of the induction ma- 
chine (C, and R,) namely 


Ps 

Cs =Ca4 (Z=) =C4Ki 
Psi \* 

Rsi=R, =R,4Ky 
JN 


This is in accordance with the fact that 
the power which corresponds to the syn- 
chronizing torque and the damping is the 
same for both machines. 

Any oscillations of the synchronous ma- 
chine (.S;) will be transmitted to the DC; 
and an alternating electromotive force 
will be induced in the armature of this ma- 
chine of the value 


NEP dw 
=— — ¢107§— volt 
oar ig Pp di olts 


This electromotive force will produce a 
current that depends on the ohmic resist- 
ances and the inductances of the armature 
circuits of both d-c machines, and, as a 
consequence, power will be transmitted 
from the DC, to the DC;. This power 
transmission will damp the oscillations, 
that is, it will act asa damping force. The 
inductance causes a lagging of the current 
and the resultant torque. This gives a 
component of torque 180 degrees out of 
phase with the displacement, hence it is 
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analogous to a spring. Thus the d-c 
machines are connected by spring and 
damping torques. The corresponding ca- 
pacitance and resistance can be assumed 
connected in parallel or in series. The 
paralleling has the advantage that the 
formulas obtained are more general, inde- 
pendent of the frequency of the oscillation. 


For this case the damping torque of the 
DC, will be 


0.739 


e 
a Lia Ib ft sec 


SR =JE, 


and the synchronizing torque 


T= Ta lb ft 
E,, is the armature voltage of the d-c ma- 
chine, 2R and YL are the sums of the re- 
sistances and inductances of the circuit of 
both d-c machines, Q is the angular ve- 
locity of the DC. 

The equivalent circuit for the synchro- 
nous machine (S;) and the d-c machine 
(DC,) is shown in Figure 4B. Lg;p, repre- 
sents the moment of inertia of the vari- 
able-speed set (Si +DC,), Rp: represents 
the damping and Cp, the synchronizing 
torque of the DC. 

Both the d-c machines are coupled by 
spring and damping in the same manner 
as the synchronous machines (.S;) and the 
induction machine (A). For similar rea- 
sons the constants Rp, and Cp, that rep- 
resent the DC, are different from Rp, and 
Cp,: both d-c machines have different 
speed and different coil fluxes. The ratio 
of the torques produced by the current J 
in both machines is 


Tp: _pi (No) po 
Tri Mp2 (No) ni 


Thus the constants for the DC, will be 


Kp.=RpiKo Cp. = Cp Ke 


_ nD (No) po 
Np2 (Nd) vi 


The equivalent circuit for the constant- 
speed set (DC,+S:) will be therefore rep- 
resented by the Figure 4C. Lsg,p, repre- 
sents the moment of inertia of the con- 
stant-speed set (DC,+S2), Rs, represents 
the damping, Cs, the synchronizing torque 
of the synchronous machine (53). 

Using the equivalent circuit Figure 4 it 
is possible to set up the differential equa- 
tion for the whole set. By solving this 
equation the resonant frequencies can be 
found, and the damping factors of the 
oscillations can be determined. However, 
it is more convenient to connect the three 
separate circuits of Figure 4 to one circuit 
and to set up the differential equation for 
this circuit. Dividing all constants of 
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Figure 4B by the factor (Ps,/P4)? and all 
constants of Figure 4C by the factor 
(Pg1/P 4)?X Ke the equivalent circuit Fig- 
ure 5 will be obtained. 


SOLUTION OF EQUIVALENT CIRCUITS FOR 
THE ELECTRICAL ANALOGY 


An electrical system such as shown in 
Figure 5 can readily be solved for a given 
frequency, however, the determination of 
the natural frequencies is quite difficult. 
In the practical problem described in 
reference 4 a set of simultaneous equa- 
tions was set up for the branches of the 
network, and a numerical solution ob- 
tained by matrix methods. This in- 
volves four complex roots or eight dis- 
tinct roots and is too laborious for 
general use. A more practical semi- 
graphical solution with the usual com- 
plex number representation of the im- 
pedances was obtained by plotting the 
current for a given applied voltage at dif- 
ferent frequencies, Two frequencies be- 
tween which the phase of the current re- 
versed were taken as an indication that 
resonance lay between them, and more 
points were tried near the peak currents 
to determine the exact resonance. The 
circuit was set up approximately on the 
a-c calculating board. Although nega- 
tive resistance or even the very low posi- 
tive resistance of some branches could not 
be represented, the solution did indicate 
the points of resonance which could then 
be calculated accurately. 

The circuits were checked at the natural 
frequencies for any net negative damping 
assuming a small impressed force in the 
branch containing the negative resistance. 
Also, the amplitudes for any impressed 
forces at the propeller at the natural fre- 
quencies were checked by these methods. 


Conclusion 


Methods have been indicated for deter- 
mining the stability limits of this system, 
and the dynamic stability or hunting 
characteristics have been analyzed. The 
results of the application of this type of 
analysis indicate that the machines can 
readily be designed to be stable. Also pro- 
viding the motor is operated well below 
synchronous speed, 8 or 12 per cent below 
for large machines, it is possible to avoid 
any tendency to hunt. 


List of Symbols 


This does not include certain symbols 
defined as used, or the symbols indicating 
the machines as shown in Figure 1. 


a—Number of parallels 
é1, €>—Impressed voltage of primary and 
secondary 
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SOURCE OF 
ALTERNATING @) 
TORQUES 


E;,, Exz:,—Induced voltages in primary and 
secondary 
f=(1+72) 
f, fo—Frequency of primary and secondary 
impressed voltage 
h=—f2/sXxm 
J—Current 
Im—Magnetizing current 
= [(1-+ 72) + (1-+71)r2/s Jxs 
1, L—Inductance 
Y2 1 


me| b(t = hs 


T1 Xm 

n—Rpm 

N—Total number of conductors 

ri, Yg2—Stator and rotor resistances 

Y pqa—Resistance of damper winding on the 
direct axis 

’ pg—Resistance of damper winding on the 
quadrature axis 

ry—Field resistance 

s—Per-unit slip 

T—Torque 

Tq—Damping torque per radian per second 

7T;—Synchronizing torque per radian 

x1, X»—Stator and rotor leakage reactance 

Xqaq—Reactance of armature reaction on 
direct axis 

Xag—Reactance of armature reaction on 
quadrature axis 

Xpq—Leakage reactance of 
damper winding 

Xpqg—Leakage reactance of quadrature-axis 
damper winding 

x,;—Leakage reactance of the field 

Xm—Magnetizing reactance 

Z—Impedance 

a—Power-factor angle 

6—Angle between machines 

6—Angle between voltages of machines 

A—Per-unit torsional oscillation frequency 

T2 =X2/Xm—Leakage coefficient 

@—F lux per pole 

Q—Angular velocity 


direct-axis 


Appendix A. Simplified Solu- 
tion of Negative Damping for a 


Doubly Fed Polyphase Machine 


In the analysis, the following assumptions 
are made: 


1. The primary resistance is negligible in compari- 
son with primary reactance at the frequencies 
considered. 


2. The three-phase winding of the machine can be 
replaced by an equivalent two-phase winding. 


3. The coefficients of self-inductance of primary 
and secondary (Li and L) and of mutual inductance 
(M) are independent of the relative position of rotor 
and stator. 


4. The primary flux is sinusoidally distributed, 
and its amplitude is the same at all times. 


Liwschitz, Kilgore—Variable-Speed Drive 


Figure 5. Electrical analogy for the combined 
mechanical system 


5. The angular motion of the rotor with respect to 
that of the stator flux is represented by 


9=wst+f(t) (1) 
where w, is equal to 27 times the frequency of the 
a-c voltage applied to the rotor. 


6. The amplitude of the angular oscillations repre- 
sented by f(t) is small, so that cos f(t) can be takem 
as unity, and sin f(t) can be taken as f(t). This is a 
good approximation up to about 15 electrical de— 
grees. On this basis 4 


cos 0= cos wst—f(t) sin wet (2) 

sin 6= sin wst+f(t) cos wst (3) 
7. The systems providing excitation for stator and 
rotor are very large, so that they are unaffected by 


any change in the motor. 


The flux linkages in phase a of the second- 
ary due to primary flux are equal to 


My, 
Ly 


Ya/=— cos 6 (4) 


where y represents the primary-flux link- 
ages. Similarly, the flux linkages in second- 
ary phase Db are 


Ms 
Yo.’ = Se sin 6 (5): 


1 
The voltage in phase a of the secondary is. 
€a2 = Pay’ — LE» sin (wst —¢) (6) 


where £2 is the amplitude of the voltage 
applied to the secondary, and ¢ is the phase 
angle between this voltage and the voltage 
Pax’. The voltage in phase b is 


€b2 = plo,’ +E» cos (wsf—¢) (7): 


In the operational form the currents im 
phases a and 0 of the secondary are 


_ b¥a,' —E2 sin (wst—¢) 
Ue r+pL (8) 


: _Pvor' +e cos(w st —¢) 


1p ; eh (9) 


The total flux linkages of the secondary 
phases are 


va 
= weg te (10) 
ese Fisk (11) 


In equations 7 to 11, 7 is the resistance and 
L is the equivalent coefficient of self-induct- 
ance of the secondary, which is equal to 


im (12) 
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«pa i ~ 
‘om the two-reaction theory of torque 
the torque in the machine is 


M 2 p cos 0-+Es sin (wg! —¢) 
1 


tr+pL + 


na 
M — 
Li cos 6X 


—ue Pp sin 0+ Es cos (wst—¢) 
1 


r+pL (13) 


This torque equation can be expanded and 
simplified to equation 14. 
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If the angular oscillation represented by 
f(t) is set equal to @a sin wat, where 6a 
is the amplitude of the fundamental fre- 
quency of variation and wa is 27 times this 
frequency, the torque is represented by 
equation 15, in which w4=(e.+wa), 
—~=(ws—wa), and the secondary resistance 
Bs 7+ at w4, r— at w-, and 7; at ws. 
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The sin wat term of equation 15 represents 
a torque in phase with and opposed to the 
alternating displacement, and is therefore 
the synchronizing torque. 

The cos wat term represents a torque in 
phase with and aiding the velocity. The 
nature of this torque is such that it tends to 
increase any small variation in the motion 
of the rotor, and thus it provides negative 
damping in the machine. 

This equation indicates that the damping 
factor at any speed can be determined from 
the speed-torque curve obtained with the 
rotor short-circuited. The slope of a line 
between two points on this curve is the value 
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of the damping coefficient at the speed 
halfway between those points. Thus if 
vibration is forced at the frequency corre- 
sponding to wa, and the speed of the ma- 
chine is (w—w,s), the damping factor will 
be the slope of the line connecting points 
on the curve at the speeds (w—w,s)-+wa and 
(w—ws) —wa. 

In the practical case the secondary is not 
connected to a system of infinite capacity, 
so the secondary voltages induced by the 
pulsations act through a circuit which in- 
cludes the impedance of the machine con- 
nected in the secondary. Since the pulsa- 
tions induce oscillation frequency currents 
in the rotor of the connected synchronous 
machine, the rotor-circuit resistances must 
be divided by the per-unit oscillation fre- 
quency when this impedance is added into 
the equivalent circuit. 


Appendix B. Tests on Model 


System 


In order to study the stability of the sys- 
tem under consideration, a model has been 
set up as shown in Figure 6. The induction 
machine A was loaded by a d-c generator 
for want of a fan, but a flywheel has been 
put on the shaft of this d-c machine as a 
substitute for the high WR? of the fan. A 
variable ohmic resistance and a variable 
inductance have been put in the armature 
circuit of both d-c machines DC; and DC, 
in order to vary the damping torque as well 
as the synchronizing torque of these ma- 
chines. The constant-speed set (DC,+.S2) 
consisted of duplicates of the machines of 
the variable-speed set (DC,+5,) with the 
sole exception that the synchronous machine 
(S:) had a damper winding of copper while 
the synchronous machine (.S,) had a damper 
winding of material with high resistivity. 

The rating and the constants of the dif- 
ferent machines were as follows: 


Induction motor: 


100 horsepower—2,200/440 volts—60 cycles—3 
phases—6 poles 


f=122 fs 1,19 
m=4.5 a4) 
%m=147 WR?=172 pound-feet? 


Flywheel WR?=164 pound-feet” 


Synchronous machines: 
100 kva—2,300 volts—60 cycles—3 phases—6 poles 


r=1.27 %aa=57.0 17=0.161 
x, =5.0 Xqq= 54.3 xp=6.2 
rpq=2.76 1pqg=1.27 
Xpa=8 3 Xpqg=4.36 


WR?2=195 pound-feet? 


Transformer between A and Si: 
3X33 kva—2,300/440 volts—60 cycles 


71 =0.32 x +42=1.5 
re =0.0734 (including brushes) 


The constants given above are expressed in ohms 
per phase for 60 cycles; they are reduced to the 
primary of each machine. 


D-c machines: 

150 horsepower—230 volts—525 amperes—1,100 
rpm—WR?=305 pound-feet?—6 poles—6 parallels 
—WN =450 

Armature resistance 7g = 0.0073 

Armature reactance xg=0.11 at 25 cycles 
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As could be expected, the tests have shown 
that the system is statically stable and that 
the speed control takes the same course as 
in the conventional Kramer set, where the 
machine that absorbs the slip power of the 
induction machine is a rotary converter. A 
continuous variation of the speed is possible 
without any disturbances. 

In order to study the dynamic stability, the 
damping of the system has been artificially 
weakened by overexcitation of the synchro- 
nous motor (.S)) or by putting an inductance 
in the armature circuit of both d-c machines. 
Two kinds of conditions under which sus- 
tained oscillations have been observed are 
given in the following: 


Condition A 


Machine Volts Amperes Cos > Slip 
Bis gto 2,310....25.5...0.736 leading. .26.6% 
Siew ane 626....31.5...0.57 leading 
1) Garten 1OSin ie aD. 

Sy eget PAINS sr) 


The frequency of the° oscillation was 
fo=2.5 cycles per second. The machine (.5;) 
was overexcited. Between both d-c ma- 
chines was placed an additional resistance 
= 0.024 ohm. 

For these conditions the following damp- 
ing and synchronizing torques were deter- 
mined: 


Td Ts 
Machine (Pound-Feet-Seconds) (Pound-Feet) 
Siiesetteuthe sissies = B80 a) hesiwraes eicveuetehs 3,100 
D Ging se 6 ee G2 ehepeke terete arene rite 1,590 
Sahni ey tacts OS Giovani Sma aoe hn tee 885 


The factor K, (Figure 4) is here equal to 1, 
220) x 28% Sa}, 
320 0.512 

thus the equivalent circuit and its constants 
are as shown in Figure 7. 

Substituting the impedances of Figure 7 
in the equations, the characteristic dif- 
ferential equation of the system can be 
found, and by solving this equation the 
tested frequency of the oscillations can be 
‘checked. The substitution leads to a dif- 
ferential equation of seventh degree. For 
the solution of such an equation Graeffe’s 
method or the matrix method, both of 
which are rather laborious, has to be used. 
An examination of Figure 7 shows that this 
is not necessary in our case, where the 
machine (.S2) has a much higher rating than 
it has in the real induction synchronous 
cascade. 

fo=2.5 cycles per second corresponds to 
p=15.7. The impedance of the machine 
(Sy) is so large for this value of p that it has 
practically no influence on the impedance 
that represents the two d-c machines. Thus 
we can omit the tail of Figure 7, and the dif- 
ferential equation will be only of the fifth 
degree. A further reduction by 1 is possible, 
if we limit our considerations to a natural 
frequency around 2.5 cycles per second. It 
is then possible to replace both impedances 
in parallel that represent the two d-c ma- 
chines by one impedance. With this as- 


the factor Kis equal to 
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TO EXCITER TO EXCITER 


SYN, MOTOR 
100 KVA 
1200 RPM 


CW MOTOR 
100 HP 
1200 RPM 


TO EXCITER 


SYN. MOTOR 
100 KVA 
1200 RPM 


TO EXCITER 


sumption the following impedances will de- 
termine the oscillations: 


3,100 


2,=19.8 a ace 


Zs=43+15.09+-~ 


The characteristic differential equation is 
with these constants 


p'—3.89p3 + 3879p? + 338p+4+- 4,910 =0 
The roots of this equation are 


Piz =2.4+719 
P34 =0.54473.6 


To the angular velocity 19 corresponds 
fo=3.02 cycles per second. Since the real 
part of this pair of roots is positive, the 
damping is negative, and the oscillations are 
sustained. 

To the other pair of roots corresponds a 
slow oscillation with 0.57 cycles per second. 
A slower oscillation than this has been ob- 
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Figure 6 (left). Wa- 
riable-speed = syn- 
chronous Kramer-set 
laboratory - model 
test of large wind- 
tunnel drive 


Elec- 

trical analogy with numerical 

values corresponding to model 
test 


Figure 7 (upper right). 


32, I-OHM 
60 REACTOR 


served during the tests. It must be noticed 
that the damping and synchronizing torques 
depend on the frequency of the oscillations. 
The values of these torques as given above 
were determined for f,=2.7 and are not 
correct for the low oscillations. Thus the 
second pair of roots is only approximate. 


Condition B 


= ——= 


Cos ¢ Slip 


Machine Volts Amperes 


A aston 2,460...17.7...0.71 leading. .35.4% 
Sica 920...26.7...0.50 leading 
DCs 480 tas 00 


The frequency of the oscillations was fy=2.9 
cycles per second. The second d-c machine 
had been cut out, and the DC, was loaded 
into a resistor. A large reactance between 
both d-c machines had given under the same 
conditions the same frequency of oscilla- 
tions. The machine (S;) was overexcited 
(eq = 1.95). 

For these conditions the damping and 
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syuchronizing torque of the synchronous 
motor (.S;) are 


Taz=8.8 pound-feet-seconds 
T; =3,330 pound-feet 


The differential equation of the oscillation is 
p?+1.0+3882=0 
and the roots are 
p=—0.5+719.5 


To the angular velocity 19.5 corresponds 
fo=3.1 cycles per second. The calculation 
gives a small positive damping, while the 
test has shown sustained oscillations, that 
is negative damping. The discrepancy is 
caused by the difficulty of exact determina- 
tion of the input (and output) current, and 
so on, at the starting of the oscillations. The 
figures under conditions A and B are only 
approximate. 
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Synopsis: The features of a new protective 
relay scheme are described. The scheme is 
designed to remove underexcited a-c gen- 
erators from the system, upon occurrence 
of undervoltage, before loss of synchronism 
occurs. The relay development and its 
operating characteristics are described, 
Calculations required to determine genera- 
tor behavior after loss of field are also pre- 
sented to make the application of this 
scheme easily applied to generators on any 
‘system, 


The Problem 


HOUGH electrical circuits from gen- 
erator armature windings outward to 
utilization apparatus have received much 
attention from a protective viewpoint in 
the past 20 years, relatively little atten- 
tion has been given to generator field- 
winding protection. Calculations show 
that loss of field in a large generator may 
cause serious voltage disturbance to the 
system. A need for some suitable protec- 
tion method that will initiate disconnec- 
tion of the troubled machine is indicated. 

When loss of field occurs on a loaded 
generator, the magnetic coupling between 
the rotor and the stator becomes so weak- 


ened that the rotor advances and, after a 


short period, pulls out of synchronism 
with the system. The unit continues to 
carry load of varying magnitude but 
draws a high component of wattless cur- 


_ rent from the system. 


Continued operation without excitation 
has harmful effects to both the generator 
and to the system. The generator, now 
an asynchronous machine, will be subject 
to high circulating currents in the face of 
the field rotor or in the amortisseur wind- 
ing, and these may cause injurious heat- 
ing, at least in local areas. Also induced 
current or voltage will appear in the field 
winding depending upon whether it is 
short circuited or open circuited. 

The effects of field failure may be much 
more important on the system, particu- 
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larly if the generator is a large unit in re- 
lation to other operating capacity. For 
complete loss of field, calculations have 
indicated that, on most power systems not 
equipped with automatic-generator volt- 
age regulators, seriously low-system volt- 
ages may be reached in not more than 10 
to 15 seconds and in some cases in as short 
a time as one second. 

System loads affect the degree of volt- 
age disturbance after loss of field. If a 
large percentage of the load is induction 
motors equipped to be disconnected only 
after the voltage has reached 25 to 50 per 
cent of normal, many of these will stall as 
the voltage is reduced to approximately 
75 per cent of normal at the bus. This 
condition becoming cumulative, may 
cause voltage instability until the voltage 
has been reduced to a value where most of 
the motor load does become disconnected. 

Since 1927 there have been five serious 
machine-excitation failures on the system 
with which the authors are connected. 
In addition to these, three other cases of 
field trouble have developed in large ma- 
chines which might easily have caused 
loss of field, had the conditions not been 
discovered and corrected. One of these 
failures reached the stage of voltage in- 
stability, as referred to above, because of 
motor loads, and the station bus voltage 
was reduced to 37 per cent of normal be- 
fore a sufficient number of motors was dis- 
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Figure 1. Generator loss-of-field character- 


istics after accidental tripping of field-supply 
breaker (large 1,800 rpm unit) 


A—Bus voltage 

B—Generator reactive current into generator 

C—Generator reactive kilovolt-amperes into 
generator 

D—Generator field current 

E—Generator output kilowatts 

F—Slip-ring voltage 
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connected to permit recovery to approxi- 
mately 80 per cent of normal voltage. 

It became evident some years ago that 
this system in New York required ade- 
quate means for main-generator field pro- 
tection. The results of the development 
which followed, and a description of the 
means for applying it, are outlined in suffi- 
cient detail to permit practical use of the 
information by others. 

Field protective relays should be sensi- 
tive to any reduction of excitation that 
will, at any generator load, become unsat- 
isfactory for continued operation of the 
machine. Relays which operate at a 
specific value of field current or voltage do 
not give full coverage, since they must be 
set to operate at values well below no-load 
excitation conditions and yet be required 
to function for excitation disturbances 
under full-load conditions that are within 
safe operating range so far as the relays 
can determine. The new relay scheme de- 
scribed herein provides the degree of sen- 
sitivity desired and equally satisfies the 
requirements for field protection at any 
level of generator loading. 


Generator Behavior After 
Loss of Field 


Field loss in a generator may be partial 
or complete. Types of partial field failure 
are: 

(a) Field rheostat trouble. 
(b) Reductions in excitation voltage. 


(c) Internal short circuit in a section of the 
field winding. 


(d) Operating error. 

Complete field failure would include: 
(a) Winding open circuit. 

(b) Slip ring or equivalent short circuit. 
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Figure 2. Generator loss-of-field character- 


istics after loss of field to main exciter (3,600 
rpm unit) 

A—Bus voltage 

B—Generator reactive current into generator 

C—Generator reactive kilovolt-amperes into 
generator 

D—Generator field current 

E—Generator output kilowatts 
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Bae Figure 3. Phase-angle 
characteristics of reactive- 
current relay (tripping oc- 
curs in area to right of 
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(c) Loss of field to main exciter. 


(d) Accidental opening of field supply 
breaker. 


(e) Operating error. 


To show the behavior of generators 
when complete loss of field occurs, two 
machines on the system with which the 
authors are connected, were selected. One 
of these shows conditions for the case of 
“accidental tripping of field supply break- 
er,’’ and the other, ‘‘loss of field to main 
exciter.”” The machine used to show ef- 
fects of the first condition is one of the 
largest units on the system and operates 
at 1,800 rpm. The curves showing the 
various behaviors are given in Figure 1. 
The generator used in the second case is a 
unit of medium size which operates at 
3,600 rpm. Its characteristic curves are 
given in Figure 2. 

In both cases the system was considered 
to be operating with normal capacity for 
off-peak conditions. No generator auto- 
matic voltage regulators were considered 
to be in service. 

In calculating the effects shown in 
Figures 1 and 2 many varying effects must 
be taken into consideration. The more 
important of these may be itemized as: 


1. The effects of turbine-governor action 
are not likely to be great before loss of syn- 
chronism. However, after loss of synchro- 
nism, violent governor action may occur,!? 
thereby causing wide fluctuations in genera- 
tor power output. There may be small 
power oscillations before loss of synchronism 
due to the effects of inertia in the rotating 
parts of the affected generator. 


2. Generator and system impedances must 
be carefully considered since their relative 
values determine, in large part, the degree of 
voltage disturbances after loss of field. 
Obviously the effect on system voltage will 
be greater as the relative size of the machine 
increases. 


3. The time constant of the generator field 
circuit determines the rate of decay in bus 
voltage after loss of field. The field-winding 
open-circuit time constant as modified by 
any field circuit external resistance deter- 
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magnetic voltage regulators) 
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mines, in approximately inverse porportion, 
the rate of decay in internal generated volt- 
age and bus voltage. 


4. Initial power output of the affected 
generator has an effect on the elapsed time 
from loss of field to loss of synchronism. 
Obviously the time will be shorter as the 
load on the generator becomes larger. 


5. Initial reactive loading on the affected 
generator must be taken into account, since 
the loss of that output has its effects on the 
reactive output required of the other system 
machines. Higher reactive loading tends 
toward greater reduction of bus voltage 
after loss of field. 


6. Generator voltage regulators were not 
considered in these calculations, since they 
are not used generally on the system with 
which the authors are concerned. If regu- 
lators are used on sufficient generating ca- 
pacity, they will help materially in main- 
taining bus voltage when one generator 
has lost its field. 


The methods used in calculating the 
changes occurring after loss of field are 
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given in appendixes I, II, III, which are a 
part of this paper. 


Development of Protective 
Equipment 


The results of Figure 1 show that a re- 
lay designed to measure ‘‘input”’ megavars 
might readily be used to detect generator 
field excitation disturbances to the degree 
desired. However, as is shown here, the 
rate of decay of voltage is so fast for some 
machines that the rate of increase in 
“input” megavars is greatly reduced be- 
fore loss of synchronism occurs. Hence, 
the torque and operating speed of such a 
relay is reduced where fast performance is 
desired. The rate of change in reactive 
current is not affected. Consequently a 
relay designed to measure reactive current 
and be sensitive to its direction would be a 
better instrument for this purpose. This 
reactive current relay must have high 
operating speed if it is to clear the ma- 
chine before the bus voltage is reduced 
below the minimum permissible value. 

Calculations have indicated that such a 
relay applied as single-phase elements 
would be subject to incorrect operations 
on unbalanced system short circuits. 
Hence, a polyphase relay with three ele- 
ments (one per phase) was indicated. 


Typical installation of field pro- 
tective relays 


Figure 5. 


A—Reactive-current relay 
B—Undervoltage relay 
C—Masnetic voltage regulators 
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The relay is a polyphase induction disk, 
three-element self-reset watt-type device 
with provisions for time and wattage ad- 
justments. Seven wattage taps varying 
from 50 to approximately 500 watts per- 
mit use of the same relay on any size gen- 
erator. 

To permit measurement of reactive cur- 
tent a magnetic-type voltage regulator 
was chosen to maintain constant voltage 
at the relay when variations occur in the 
bus voltage. The magnetic voltage regu- 
lator holds +1 per cent of normal voltage 
on the relay coil and permits not more 
than +5 degree phase shift while the in- 
put voltage varies from 60 per cent to 110 
per cent of normal. ; 

Care was required to assure satisfac- 
“tory performance from zero to 60 cycles 
) _and over a corresponding range in voltage 
on the potential supply to the magnetic 
eestor and to the relay. Since the 

generator potential transformers are used 
_ for the relays, these may be energized dur- 
_ ing the generator starting period, thereby 
producing this wide range of frequency 
and voltage. 

Figure 3 shows the phase-angle charac- 
_ teristics of the relay supplied through the 

magnetic voltage regulators with input 
voltage at 120 and at 70 volts. It will be 
noted that the relay maximum torque ap- 
pears at about 90 degrees leading current. 
To obtain this characteristic the relay 
voltage leads the normal in-phase current 
by 90 degrees, as would be necessary in 
applying a watt element for reactive cur- 
rent measurements. 

Figure 4 shows the time-reactive cur- 
rent curve of the relay when supplied at 
120 and 70 volts through the magnetic 
voltage regulators. 

It will be noted in both Figures 3 and 
4 that the relay torque does not change 
appreciably over this wide voltage range 
and that the phase shift of the tripping 
characteristic is not great. 

Bus-voltage magnitude is a major con- 
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Figure 6. Schematic 
diagram of relay 
connections 


VOLTAGE 
REGULATORS 


sideration in determining whether a ma- 
chine should be tripped instantly or 
should be allowed to operate and permit 
manual restoration of field excitation. 
When a generator is small compared with 
the system-connected generation and is 
linked to the other system generators 
through relatively low impedance, loss of 
field in that machine may not cause a 
serious voltage disturbance. Field-cur- 
rent interruptions may occur or serious 
field-current reductions may be experi- 
enced where quick correction of the 
trouble is possible and the generator need 
not be lost from the system. 

An undervoltage relay has, therefore, 
been made a part of the present scheme. 
It is a standard voltage-regulator type 
element adjustable to operate at the par- 
ticular voltage value dictated by the char- 
acteristics of an individual machine. Its 
contacts are connected in series with 
those of the reactive current relay to pre- 
vent tripping unless the bus voltage ap- 
proaches a value beyond which continued 
operation of the generator would be un- 
safe. 

Figure 5 shows a typical installation of 
the relay equipment. 

Figure 6 shows a simplified connection 
diagram of the relays and their associated 
equipment. Tripping of the generator cir- 
cuit breaker is first initiated and the field 
supply is then disconnected by an aux- 
iliary switch on the generator circuit 
breaker. 


System Tests 


The reactive current relay was set up 
for tests on a 50,000-kw machine. The 
unit was loaded to 14,000 kw at unity 
power factor. The main-field breaker was 
then opened, thereby connecting the field 
winding to its discharge resistor through 


Table I. Results of Loss-of-Field Tests on 50,000-Kw Generator 
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Figure 7. Loss-of-field test on a 50,000-kw 
generator—field breaker tripped 


A—Bus voltage 

B—Field current 

C—Generator reactive kilovolt-amperes into 
generator 

D—Generator output kilowatts 


the main-field rheostat. Oscillographic 
records were obtained of field current, 
megawatts and megavars. Bus voltage 
was obtained with a recording voltmeter. 
Some of the results of this test, test 1, are 
shown in Figure 7. In the same illustra- 
tion, curves are given showing the calcu- 
lated values for the same conditions. 
Agreement was close enough to assure that 
behavior after loss of field can be deter- 
mined with sufficient accuracy for apply- 
ing field protective relays. 

Altogether four similar tests were made 
on two machines of the same design and 
rating. All initial and final behaviors ob- 
served on tests 1 and 2 are given in Table 
I. Complete data were not taken on the 
last two tests, which were made at higher 
initial loads. 

Calculations show, for this system, that 
the dividing line in machine rating is 
about 50 to 60 megawatts beyond which 
loss of field may produce unstable voltage 
conditions for the most unfavorable 
operating and load conditions. Agree- 
ment has been reached to apply the pro- 
tection to all machines on the system of 
50-megawatts and larger except for two 
60-megawatts, 25-cycle units whose char- 
acteristics are such that they could be 
made the ‘‘exceptions.” 


Conclusions 


The relay equipment described makes 
practicable protective measures which will 
cover virtually all cases and types of loss 
of field in generators. It is believed that 


Generator Armature Field 
Time to 
Test Condition Current Volts Mw Myar Current Volts Trip (Sec.) 
1 Before fieldloss..... 300°... .26,500'... ..14 Oe ae +430....+ 82 
tae oe tripping........910....24,000....22 =i} Ie tae 2 OO hr WOOr se sited 
Before field loss..... Ee vy PHM > eset oan atapliltae eons +625....+118 
ett eae Bieta neeate ss YO). 3 eee peer aerone =e emoo0e to 2O0O Ke ae = DLO vires «ce 1.4 
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voltages being considered equal and in phase. a 

The transient reactance xgs/, is determined — 

in the same way. 
The system equivalent motor inertia, Hs, 


Tabel II. Tabulation of Calculations for Appendix Ht ; 


Time—t—Seconds 


: ° 4 
0 0.1 0.2 0.3 0.4 is the sum of the corresponding inertias of — 
the system generators. ; 
i constant of the system 
CAG) He hesitate a ot eit area 1190.0. O.0744wN 0:885).0% £0,768 0.688 The field time onsts Nets es a 
Aa) coh he, eae es ee OE! —0.155.... —0.119..,.—0.092.... —0.075 —0.064 equivalent motor, Ty’, is a weig ed av 
HEN geo odes RO oth a 0.916.... 0.916.... 0.915.... 0.914 0.912 age of the system-generator field time con- 
CAO\Z So Reape RIE Ranlon are tee croriae On ote: Su oe a she tee my stants, with greater weight being given to the 
Ets) ee ee eee Sal BLOM 4G foe eae 28.9 units expected to supply the greater por- 
Fig(}) ee vs Bias cates s ‘ ; ; é j : , ; i , ' ’ ; ‘ : ‘ ‘ ‘ : : : avs 0.836. O'S00s7 «2 O944 eae 0.979. 1.002 tions of the unexcited generator magnetiz- 
Po(;) { P&E Unt. eee ee ee seen eee eee 0.436. OA a5, OF onoe IO) 0.278 ing current. i 
SAMO NU Vairatin gen cen moteur eae 43.6 25:8 aeons ee ae ze Ee 
Pe IO Lie oe RP LA 0.813 0.300.... 0.057.... —0.039. —0. r 
ha aa PN de ier i See ee a 0 0.078.... 0.132.. 0.157. 0153 Step-by-Step Calculations 
INS a shee tea cahe Beate ee eon 0 1.3 phe e oy © 2.5 eo. ae 
rR ae aE om AE BEC ear arne tree ttee 0 VSP hiss: Oca ns 5.9 ie After the initial values of all quantities 
OS GE Bosc oe ba nnn tS om onio cae Sats eae aed ae ; eer rgb have been determined, the size of the time 
ae Retuneseper conte te ee eee tela 101.6 9510 0580.8. ese 86.5 84.1 interval, At, should be selected to cause 
Bus reactive kva into generator—% kva relatively small changes in angle and direct 
TERRE 25 Smee RO OAS o REID hO eR aaere are —44.4 B= 138) naneseO. 1 A-18.9  ....-1-26.8 axis flux during this period. For purposes of 
ee SSM current info generator —7% 43.8 ee 46.8 421.9 +31.9 clarity in the following explanations, it will 
Viel TALIS eaceekcmiars erotsuraceeet sl cceialismanm monalioceu —43. : ; Pan 4 E root F 


All values are per-unit on machine rating, 137,500 kva, and 13,500 volts except where indicated otherwise. 


this further improves ‘the reliability of 
electric service since a thoroughly reliable 
relay device has been developed which 
does not of itself create a hazard. 

The scheme provides a relay combina- 
tion which is sensitive to serious excita- 
tion reductions, regardless of initial ma- 
chine load and excitation values. 

This new type of field protection has 
now been applied to all 60-cycle genera- 
tors rated 50 megawatts and above, ex- 
cepting two units already provided with 
undercurrent-undervoltage relays, and to 
one large 25-cycle machine on the system 
with which the authors are connected. 
Though the first installations have been in 
service over a year no operating experience 
is yet available. 


Appendix I. Calculation Method 
for Complete Loss of Field 


Basis of Calculations 


The method used is a step-by-step process 
and takes into account the decrement of 
system generator internal voltages as the 
unexcited machine draws magnetizing cur- 
rent. Although less labor in calculations 
would result if this decrement were neg- 
lected, the authors’ calculations for some 15 
generators indicate that this decrement is 
usually about 5 per cent at the relay operat- 
ing point, and may be as much as 10 to 15 
per cent at “pull-out.’’ Consequently, it is 
felt that the additional labor is justified. 

To simplify and reduce this work as far 
as possible, consistent with reasonable ac- 
curacy, several simplifying assumptions 
have been made. The first of these is neg- 
lecting the effects of changes in system 
load during loss-of-field conditions. Actu- 
ally some reduction will take place and will 
cause the bus voltage to be slightly higher 
than calculated at the relay operating point. 

Secondly, osciilations between system 
generators have been neglected, and these 
generators have been lumped into one 
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equivalent machine. Since changes in sys- 
tem load have been neglected, this machine 
is considered to act as motor, absorbing the 
power output of the unexcited generator. 
While the actual system generators are in no 
sense motors, their effects upon the un- 
excited generator and its bus voltage are 
much the same. This assumption is often 
used in transient-stability calculations. 

Third, saturation of the magnetic circuits 
in the unexcited generator and in the system 
generators has been neglected. While such 
saturation in the unexcited unit acts to 
hasten the decay of bus voltage, the satura- 
tion in the system generators acts oppositely. 
Furthermore, the authors’ calculations indi- 
cate that the unexcited machine flux is 
usually in the unsaturated region at the re- 
lay operating points. 

Fourth, constant prime-mover input to 
the unexcited generator is assumed, since 
the average output is constant up to ‘“‘pull- 
out.”’ 

Fifth, to determine the relative swinging 
of the unexcited generator rotor against the 
system, system swings are neglected and an 
equivalent inertia is used for the unexcited 
machine. This inertia may be calculated 
by formula 4 of appendix IT. 

Sixth, effects of system generator voltage 
regulators have been neglected. 

The formulas and symbols which have 
been used by the authors are for steam 
driven turbogenerators and are given in ap- 
pendix IT. 

Where system conditions will not permit 
the use of the above assumptions, deter- 
mination of loss-of-field conditions becomes 
more complicated. However, practically all 
cases should be capable of solution quite 
readily if an a-c calculating board is used. 


Determination of System Equivalent- 
Motor Constants 


The first step is to determine which system 
generators are likely to be appreciably af- 
fected by loss of excitation on the unit under 
consideration. 

The system equivalent-motor synchronous 
reactance, qs, defined in appendix II, is 
the reactance from the unexcited machine 
terminals to the synchronous internal volt- 
ages of the selected system generators, such 
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be assumed that a 0.1-second interval has 
been selected. 


During the first time interval, that is, 


from time zero to time 0.1 second, the angle 
6 is held constant, and only the generator 
direct axis flux, e,, is changed. The value 
of this flux at time zero, that is, @g(,), is re- 
duced by the amount Ae,(,), the change 
from time zero to time 0.1 second, deter- 
mined from either formula 8 or 9, depending 
upon whether the excitation supply voltage 
decays gradually or whether it drops to 
zero instantly, as in a solid short circuit. 
The value of E, to be used in this formula 
will, of course, be that for time zero, that 
is, Ego). No change in e; will occur as 
may be seen from formula 10. 

With (0.1), @s(o1) and 601) thus deter- 
mined for time 0.1 second, corresponding 
synchronous voltages Ego.) and Es(01), 
generator output, Py(o1), and other re- 
quired quantities may be determined from 
the formulas in appendix II. 

During the next time interval, that is, 
from time 0.1 second to time 0.2 second, é, 
és, and 6 will change. The change Aeég(o.1) 
will be determined as before, using E,,o.1), 
and will be added to ég(0.1) to obtain e, at 
time 0.2 second, that is, ego... Flux 
(0-2) Will be obtained similarly. 

To obtain the new angle at time 0.2 
second, 6(9..), several intermediate steps must 
be taken. The difference between the as- 
sumed constant input to the machine, that 
is, the initial output P,; neglecting losses, 
and the output at time 0.1 second, Po(0.1), 
constitutes an accelerating or decelerating 
force, depending upon whether this differ- 
ence is positive or negative. This force is 
considered as acting from time 0.05 second 
to time 0.15 second, and during this period 
will produce a change in the velocity of the 
generator rotor above system speed. This 
velocity change is designated by the symbol 
Aw(o.1) and is obtained from formula 6. 
The velocity at time 0.15 second is con- 
sidered as an average velocity for the time 
interval 0.1 second to 0.2 second, and is 
designated by the symbol w(o.15). This 
velocity is equal to the algebraic sum of the 
above change in speed, Aw(o.1), and the cor- 
responding average speed at time 0.05 
second, designated by the symbol «\0.95). 
Since the angle 6 was held constant from 
time zero to time 0.1 second, w(o.05) is zero, 
and therefore w(o.15), is equal to Aw(o.z). 

The average velocity wio.1s) for the time 
interval, 0.1 second to 0.2 second, is meas- 
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ewe ry ps i 
he electrical degrees per time inter- 
that is, degrees per 0.1 second. Conse- 
quently, «(0.15) is numerically equal to the 
change in the angle 6 during this period. 
‘Therefore, 6 at time 0.2 second, (0.2), is 
equal to the angle 5 at time 0.1 second, 
(0-1) Plus (0.15). 
_ The angle at time 0.3 second is obtained 
similarly. Velocity 0.25) is equal to 
(0-15) Plus Awio.2), and 8(0.3) is equal to 8(o.3) 
plus (0.25) + 
All subsequent step-by-step calculations 
are made by a continuation of this method. 
_ These steps are shown in detail by the 
sample calculations of appendix III for the 
generator of Figure 1. 
Other quantities, such as generator ter- 
ninal voltage and magnetizing current, may 
easily be obtained for each time interval by 
the usual vector calculations. 
Inasmuch as each step of calculations de- 
pends upon the previous step, the accuracy 
Q iF a step should be checked as far as pos- 
sible. 


Simplifications When Tg’ Is Large 
and Hgt’ Is Small 


When the ratio of the generator-field time 
constant, 7y,’, to the generator equivalent 
inertia, H,’, is around 2.0 or greater, the 
generator-output power oscillations are 
small and may be neglected without ap- 
preciable error. Consequently, as the flux 
decays, the machine advances by just 
enough to hold constant output. 
Therefore, the procedure here consists in 
determining e, and e; for each step as be- 
fore, and then determining by trial-and- 
error process the angle 6 which will produce 
the constant output. Although two or three 
trials may be necessary for each step, the 
number of steps to be calculated will be 
considerably less than required by the pre- 
viously outlined method of step increments of 
velocity and velocity change, because much 
larger time intervals may be used. 


Appendix Il. Calculation No- 
menclature and Formulas 


Nomenclature 


E,=Generator voltage behind synchronous 
reactance xg, (per-unit field current— 
saturation neglected). 

é,=Generator voltage corresponding to 
direct-axis flux (per-unit generator direct- 


axis flux). 

Xag= Generator direct-axis synchronous re- 
actance. 

Xag'=Generator direct-axis transient re- 
actance. 


I=Generator output current. 

5=Angle between generator and system 
equivalent motor—electrical degrees. 

P,=Generator power output to system. 

Q,=Generator reactive kilovolt-amperes 
supplied to system and corresponding to 
voltage E, and current J. 

E,=System equivalent-motor voltage be- 
hind synchronous reactance xgs (per-unit 
field current—saturation neglected). 

es;=System equivalent-motor voltage cor- 
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t 
responding to direct-axis flux (per-unit 
motor direct-axis flux). ake 

Xas= Direct-axis synchronous reactance of 
system equivalent motor plus system im- 
pedance between this motor and the 
generator. 

Xs’ = Direct-axis transient reactance of sys- 
tem equivalent motor plus system im- 
pedance between this motor and the 
generator. 

Xos=XagtXas. 

Tao’ =Open-circuit time constant of gen- 
erator—seconds. 

Ty' =Field-circuit time constant of gener- 
ator during loss-of-field conditions—sec- 
onds. 

Ty’ = Field-circuit time constant of system 
equivalent motor during loss-of-field con- 
ditions—seconds. 

t= Time in seconds. 

At=Time interval selected for step-by-step 
calculations—seconds. 

H,=Inertia of generator and turbine rotors 
—kilowatt seconds of generator and tur- 
bine rotors divided by the kilovolt- 
amoere base used in calculations. 

H,=Inertia of system equivalent motor— 
kilowatt-seconds of system equivalent 
motor divided by kilovolt-ampere base 
used in calculations. 

H,’=Equivalent inertia of generator and 
turbine rotors relative to an infinite 
system inertia—kilowatt-seconds divided 
by kilovolt-ampere base used in calcula- 
tions. 

K,'’=Generator acceleration constant cor- 
responding to H,’. 

E,;=Initial value of EZ, before generator 
loss of excitation. 

Pyi=Initial value of Py before loss of exci- 
tation. 


f=Svstem frequency—cycles per second. 


6() = 6 at time f. 

Eq) =E£, at time ¢ 

Es) = Es at time ¢. 

€g(t) =, at time ¢ 

s(t) =e, at time f. 

Aeégts) =Change in e, during time interval 
At between time ¢ and time (t+ Af). 

Aes(t) = Change in e, during time interval 
At between time ¢ and time (t+ Af). 

P 1) = Generator power output at time ¢. 

Ogi) =Qy at time ft. 

(1+1/2d)) =Average velocity of generator 
rotor above system speed during time 
interval At between time ¢ and time 
(t+ At)—electrical degrees per time in- 
terval Af. 

(t—1/2At) = Average velocity of generator 
rotor above system speed during the time 
interval At between time (t— At) and 
time f—electrical degrees per time inter- 
val At. 

Aw()= Change in velocity of generator 
rotor from the average velocity w(,—1/2A:) 
to the average velocity (:+1/2;)—elec- 
trical degrees per (time interval Af)?. 

Epa =Average generator per-unit field 
current corresponding to average exciter 
output voltage during time interval be- 
tween time ¢ and time (t+ At), divided by 
the generator field circuit resistance. 
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All quantities are per-unit quantities on 
the selected system kilovolt-ampere base 
unless otherwise indicated. 


Formulas 


Fre.p CurRENT—Drrect-AxIs FLux 


(Xag —Xag')es cos 5 


g 
Xg¢— (%as —Xas') 


Ey= , , 2 
Xag —Xag (Xas—Xas )(cos 6) 
1—————— Ls oe amr aerspae Dye 
Xos X93 — (%as— as") 
(1) 
(Xas —Xas’)ey cos 5 
Sod Sa a rhe 
bes X93 — (xag —Xag ) 
1 sae Xas! [14 Sse=tee cos ] 
Xgs X92 — (Lag = Xaq') 
(2) 
REAL AND REACTIVE POWER 
E,E 
PytiQ,=—— sin 6+ 
aa 
Eee Ea 
j (=- a. cos s) (3) 
Xgs Xs 
INERTIA 
felvah 
H,'=—*- (4) 
Aig ee 


GENERATOR ACCELERATION CONSTANT AND 
VELOCITY 


180f( At)? 
K,! =, ris (5) 
Aw(1) = Kg! (Poi Po (t)) (6) 
(141/2At) = O(¢—1/2A1) + Aw) (7) 


FIELD DECREMENT—GENERATOR 


When change in exciter voltage during the 
time interval At must be considered. 


Eos(t) — Eg) At (8) 


Aeo(1) = T é 
9. 


When excitation voltage supplied to the 
generator field may be considered as zero 
during the time interval At, 


—E 
Aen = 7 oD At (9) 
os 


FIELD DECREMENT—SYSTEM EQUIVALENT 
Motor 


Esi— Es(t) 
ei) T./ At (10) 
8. 


Appendix Ill. Sample Calcula- 
tions for Generator of Figure 1 


GENERATOR RATING 


137,500 kva 13,800 volts 
110,000 kw 60 cycles 
80 per cent power factor 1,800 rpm 
Full-load field current = 1,540 amperes 
Per-unit field current = 720 amperes 


Prime mover—medium-pressure steam 
turbine 
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Field Investigation of the Characteristics 


of Lightning Currents Discharged 
by Arresters 


I. W. GROSS 


MEMBER AIEE 


Synopsis: Data have been obtained during 
the past three years on the magnitude and 
wave shape of lightning currents discharged 
by arresters in service on several solidly 
grounded neutral circuits of the American 
Gas and Electric Company system. Cor- 
related measurements have been obtained 
with the cathode-ray oscillograph, the ful- 
chronograph, and the surge-front recorder. 
The maximum arrester-phase leg current 
recorded in this investigation was 9,600 
amperes with 70 per cent of the currents less 
than 1,000 amperes. The wave fronts of the 
low-magnitude currents were, in general, 
abrupt. For crest magnitudes of over 1,000 
amperes they ranged from two to over 25 
microseconds to crest. The maximum rate 
of rise recorded was 2,500 amperes per 
microsecond. 

The components in all discharges were of 
relatively short duration, with times to half 
value averaging 25 microseconds and with 
no measurable durations in excess of 500 
microseconds. 

Of the 18 arrester-phase legs studied, all 
but one discharged at least once during the 
investigation. Nineteen of the 21 separate 
records of discharges in three-phase arrester 
banks had currents which, if arresters had 
not been installed, would have produced 
voltages in excess of the standard basic 
impulse level for the voltage class of the ap- 
paratus involved, so that failure of unpro- 
tected equipment might have occurred. 


Purpose and Scope 


HIS investigation was undertaken in 
1939 to determine the lightning duty 
imposed on arresters in service. Factors 
that affect this are frequency of occur- 


G. D. MeCANN 


ASSOCIATE AIEE 


EDWARD BECK 


MEMBER AIEE 


rence, magnitude, wave shape, and mul- 
tiple character of the discharges. Five 
measuring stations were set up at different 
three-phase arrester locations, two in 
substations of The Ohio Power Com- 
pany in Ohio, and three in substations 
of the Appalachian Electric Power Com- 
pany in Virginia. One of the latter loca- 
tions was moved during the course of the 
investigation so that in all, a total of six 
arrester banks was studied. 


Description of System and 
Recording Installations 


_A summary of the pertinent charac- 
teristics of the substations at which the 
recording installations were made is 
given in Table I. They are located in 
regions where lightning was known to be 
frequent and at arrester banks where 
past experiences had indicated that a 
higher than average number of discharges 
was to be expected. The power sources 
feeding the circuits on which the study 
was made are solidly grounded. 

The two recording stations on The 
Ohio Power Company system are at 33- 
kv delta-connected transformers. The 
installations on the Appalachian Electric 
Power company system are made in one 
similar 33-kv station; in two 12-kv sta- 
tions, one with grounded-neutral and the 
other with delta-connected transformers; 
and in one 132-kv station with delta-con- 


nected transformers. The station grounds 
and earth resistivity are low at all of 
these locations. 

Pictures and a schematic diagram of 
the recording equipment are shown in 
Figures 1 and 2. Each installation con- 
sists of a high-speed fulchronograph, and 
surge-crest ammeter links in each arrester 
phase lead together with a slow-speed 
fulchronograph, crest ammeter links, and 
a magnetic surge-front recorder in the 
common ground lead of the three arrester 
phases. In two cases (Twin City and. 
Stone Creek), a cathode-ray oscillograph 
is also connected in the common lead. 
The cathode-ray oscillograph equipment 
was designed and built especially for the 
purpose of automatically recording light- 
ning transients. It consists essentially 
of a glass-envelope hot-cathode oscillo- 
graph tube, the necessary electrical cir- 
cuits, a special camera to photograph the 
trace produced by the transient on the 
fluorescent screen, and a current shunt. 
These recording instruments have been 
described in the literature.!” 

The field installations were serviced 
on an average of once a week during the 
lightning season, and usually after each 
lightning storm. 


Paper 42-17, recommended by the AIEE com- 
mittees on power transmission and distribution, and 
protective devices for presentation at the AIEE 
winter convention, New York, N. Y., January 
26-30, 1942. Manuscript submitted November 12, 
1941; made available for printing December 11, 
1941. 


I. W. Gross is electrical research engineer with 
American Gas and Electric Service Corporation, 
New York, N. Y. G. D. McCann is transmission 
engineer, industry engineering department, and 
EpwWARD BECKX is section engineer, switchgear engi- 
neering department, both with Westinghouse Elec- 
tric and Manufacturing Company, East Pittsburgh, 
Pa. 


This investigation has been made possible by the 
co-operative efforts of the two companies with 
which the authors are associated, as well as a num- 
ber of individuals. The authors acknowledge the 
contributions of the field organizations of The 
Ohio Power Company and the Appalachian Electric 
Power Company in installing and servicing the 
field installations, and of O. Ackermann of the 
Westinghouse Electric and Manufacturing Com- 
pany for his assistance in the design and supervision 
of the cathode-ray oscillographs. 


GENERATOR AND SYSTEM CONSTANTS 
Lag = 0.940 T yao’ =6.26 seconds 

Xag’ =0.241 Tg’ =0.975 second (cor- 
responding to 
field resistance of 
0).1380hm and ex- 
ternal resistance 
of 0.747 ohm) 


as =0.511 T sy’ = 9 0 seconds 
Xas’ =0.264 H,;=53.4 seconds 
Xgs = 1.451 H,= 7.7 seconds 


At=0.1 second H,'= 6.73 seconds 


Reactance—generator bus 
terminals = 0.048 

All values are on machine rating 137,500 
kva and 13,500 volts. Reactances are per 
unit. 


to generator 
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Formulas 


_ _&g —9.582es cos 5 
0.518 —0.099(cos 6)? 


g 


_ _&s —0 3298, cos 6 
0.830 —0.159(cos 6)? 


AY 
Py +iQy =0.689E,E, sin 6+](0.689E,?— 
0.689E,E; cos 6) 
Aw = 16.0(0.436 — Poy) since P,;=0.436 
Aeg(t) = —(0. 103 E(t) 


0.836 — Ess, 


Aés(y. = — 90 since E,;=0.836 


Gross, McCann, Beck—-Lightning Currents 


The values calculated with the preceding 
formulas are listed in Table IT. 
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General Discussion of Records 


_ Twenty-one separate sets of records 
have been obtained involving 49 single- 
phase arrester-discharge currents with a 
total of 88 individual components. Rec- 
ords were obtained at all six stations and 
their distribution is shown in the lower 
part of Table I and in the top curve of 
Figure 3. As shown in Figure 3, more dis- 
charges per arrester year were obtained 
than in other previously reported inves- 
tigations. This is because the locations 
were chosen from past experience which 
indicated that they would yield more 
than the average number of records. 
The curves in this figure show consider- 
able variation from each other. This is 
probably due to a number of factors in- 
cluding variance in lightning frequency, 
the number of arresters in multiple, and 
the type of line construction. 

Of the 21 separate records, ten in- 
‘volved discharges in three phases, eight 
in two phases, and three in only one 
phase. Sixteen of the records showed 
only single-component discharges in each 
of the individual arrester phases. In the 
remaining five, which had multiple com- 
_ ponents in one or more phases, the num- 
_ ber of components varied from two to 12. 
_ Of the 21 records, all but three had maxi- 
_ mum crest magnitudes in the common 
_ lead which were substantially equal to 

the sum of the maximum crests in the 

individual phases. 

In 12 of the records all of the compo- 
nents were entirely negative. Four rec- 
ords were entirely positive. For two rec- 
ords the components in two of the phases 
were entirely negative, while the com- 
ponents in the third phase were entirely 
positive. One record had nonoscillatory 
components of both polarities in the same 
phase. Two of the records had oscilla- 
tory components. Twenty-three of the 


A—General view showing the fulchronographs and cathode-ray 
oscillograph 
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Table |. Summary of Installations 
The Ohio Power 
Company 
The Appalachian E i 

rom K pag pp an Electric Power Company 

City: Creek Huntington  Christians- Rocky 

Sub- Sub- Court burg Reusens Mount 
station station Substation Substation Substation Substation 

Type of station......., Delta. .,, Delta... ,Grounded wye....Delta....Delta ... Delta 

Miles to nearest \ 20 10 0 0.6 25 
grounded source} *** é Bee oe a. ae ae 

Circuit voltage......... 33 kv....33 kv....12 kv ae le evi mas oe ey .. 33 kv 

Arrester type.......... Line ....Line ....Station Line ....Station ... Station 

Fetch! PRU Sore ae 80 kv....80 kv.,...12 kv iva toy .109 kv ,. 80 kv 
rrester ground re- 5 ‘ 
Hatem he \...0.5 nes C57) ae Sa eee es Oar Oye 

dal ae aed seri Ri etO EO O.... B5-220 0 Ping. aye 15-250 .. «120-200 

Number of lines........ 2 a Pare’. TOC eee Tec aae Ly dares 2 vival 

Type Of lines... oi coc. Wood, ...Wood....Wood Wood... .Steel—1 ground. ...Wood 

Numb: f Tie 
mber of years ‘ r 
Syd is byaceid 2 3 2 2 vi 

Number of compos- } a) aR 2 1 2 { 
ite 3-phase records : ne 

Apparatus standard ) 
basic impulse Rea meteor meres LLLO 110 650 . 200 
level, kv \ 

Number of records 
exceeding basic \ 9 ae aS 1 i 1 1 
impulse level if no oe ’ 
arresters 4 

Number of dis- 
charges per indi- \ 21 free rae 2 5 10 
vidual arrester : : s 
phase / 

Average phase 1. ..3.0 1.5 BORG 5 ns 1.0 8.0 
discharges (phase 2.13.5 1.0 2,08 Osb 0.5 6.0 
peryear phase 3...4.0 1.6 salt aOR 1.0 6.0 

88 individual components, or 26 per cent, sensitivity is about 50 amperes. In addi- 


were initially positive. 


Detailed Discussion of 
Particular Records 


A few of the records which have been 
obtained are discussed in detail because of 
their special interest. In considering 
the fulchronograms, the limit of sensi- 
tivity of the fulchronograph should be 
borne in mind. Its lower range of current 


Figure 1. Lightning recording station at the 
Twin City Substation of The Ohio Power 
Company 
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tion, the wave shape of arrester-discharge 
currents with times to half value of less 
than about 20 microseconds will not be 
recorded. Therefore, in the case of cur- 
rents of short time to half value or of 
short duration, the instrument will indi- 
cate that they were short but will not 
supply accurate information on the times 
involved. Attention is called to this be- 
cause most of the components of dis- 
charge currents recorded in this investt- 
gation were of short duration. 


B—Close-up of the 


fulchronographs and 


cathode-ray oscillograph shunt 
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Figure 2 (left). 


SURGE CREST 
AMMETER LINKS 


SURGE 
INDICATOR 


SLOW-SPEED FULCHRONOGRAPH 


TO CATHODE-RAY OSCILLOGRAPH~ 


Record 71, Figure 4. This record 
represents the first case in which directly 
comparable simultaneous field records 
of current were obtained with the ful- 
chronographs and the cathode-ray oscil- 
lograph. Since only one arrester phase 
discharged, the same current passed 
through one high-speed fulchronograph, 
the low-speed fulchronograph, and the 
cathode-ray oscillograph, permitting a 
direct comparison of their records. 

The current rose abruptly in 2.5 mi- 
croseconds to 250 amperes and reached 
its crest of 500 amperes in 20 micro- 
seconds. It decayed to half value in 33 
microseconds. After decaying to 100 
amperes in 45 microseconds, it persisted 
at about this value until it decayed below 
the recording range of the fulchronograph 
in 175 microseconds. In 2,750 micro- 
seconds it again rose to about 100 am- 
peres and lasted to 2,900 microseconds. 
This second portion might either be power 
follow or lightning current. 

The cathode-ray oscillogram of this 
record illustrates the effect of the arrester 
breakdown on the wave shape of the 
front of the discharge current. After the 
gap breaks down, there is a rapid rise of 
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Figure 3. Weighted distribution of lightning 
discharges through individual arresters 


268 TRANSACTIONS 


SURGE FRONT 
RECORDER 


Schematic diagram of re- 
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current through the arrester brought 
about by the change in the surge circuit. 
This rate of change, measured in the ar- 
rester circuit during the period of read- 
justment, is greater than that which 
would exist in the line surge if no arrester 
discharge had occurred. Thus, the wave 
front of the original surge is more nearly 
as shown by the broken line of Figure 
4b. 

Record 72, Figure 5. Only the cath- 
ode-ray oscillogram is shown for this rec- 
ord, since the duration is so short that 
only one link of each of the high-speed 
fulchronographs was magnetized. For 
this record, the surge-crest ammeter links, 
the slow-speed fulchronograph, and the 
cathode-ray oscillograph records indicate 
a crest magnitude of 1,000 amperes in 
the common ground lead. Surge-crest 
ammeter links and high-speed fulchrono- 
graphs in the individual phase legs indi- 
cate currents totalling 550 amperes which 
is considerably less than the recorded neu- 
tral current. The reason for this is un- 
known and as pointed out previously, 
such a discrepancy has occurred in only 
a very few cases. 

The neutral current has an abrupt 
front of less than one quarter of a micro- 
second and a time to half value of 8 mi- 
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Figure 4. Record 71 obtained at the Twin 
City substation, May 8, 1941 


(a) Cathode-ray oscillogram of current in 
common ground of lightning arrester 


(b) Replot of oscillogram to a linear scale 


(c) Slow-speed fulchronogram of current in 
common ground 


(d) High-speed fulchronogram of current 
in phase 3 


microseconds and then rose to about 30 
amperes after 66 microseconds. 

Record 77, Figure 6. This record is 
of particular interest. It gives the first 
cathode-ray oscillograph record of a 
lightning-arrester discharge current of 
considerable magnitude. It shows in de- 
tail the entire duration of the discharge. 
In addition, it is substantiated by ful- 
chronograph records in each of the three 
poles and the neutral of the arrester. It 
was obtained during the failure of a de- 
fective bushing in the station. 

Because of its importance, the original 
oscillogram shown in Figure 6a has been 
replotted to linear co-ordinates in Figure 
6b. The fulchronograms are plotted in 
Figure 6c. 


croseconds. It decayed to zero in 32 An analysis of the record shows that 
Table Il. Tabulation of Data on Surge Fronts* 
Time to Crest in Average Rate of Rise in 
Crest Magni- Microseconds Amperes Per Microsecond 
Phases Nominal tudeinAmperes =———————_—_—_ 
Dis- Record System Average of Cathode-Ray Surge-Front Cathode-Ray Surge-Front 
charged Number Ky Instruments Oscillograph Recorder Oscillograph Recorder 
Pro rat OO oretwal ers 33x cee = DCO0OMcpaernacn sictercRre ere Bid ASS Acree on erent ee 2,500 
Biol atten LEAP OS's stents —6,500 3.5. Bt CA Sci eat 1 S50ms. are 1,480 
Diss ee ae Sitaniacce S8cc cee = ODO Re wont astane te acto ste 8.85 Bags Creare ee ets 585 
Sits cysts US icretel chev Sb la theeaheas = 3} B50 i rewats ite ee eset ee GIB > Mrdatel on aici: cater ee 555 
PE aa re OU a iteace 1S Patents 733; 150 epee eerdere ne eh octavo Over 25:58 one eae eee Less 125 
Baa Hane OG Nisrate se SS iscroercas = 2,000), Hee aati ers skens 828 Sei se aeteen ces: ee 240 
Bay ere ates Ootere eat BO: ssevene =I; GOO !s, come eteustens aieueaicsc ete ne 2 Tews vee ee ee eee 800 


Of 11 additional records of surges with crest magnitudes less than 1,000 amperes, all had surge fronts of 
less than one microsecond as indicated by seven cathode-ray oscillograms and six surge-front recorded 
records, except the surge of record 71, Figure 4, which had an effective front of 2.5 microseconds. 


* These measurements were made in the common ground lead of three-phase arrester banks. 
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Figure 5. Cathode-ray ‘oscillogram of record 
72 obtained in common lead of arrester bank 
cat the Twin City substation, May 22, 1941 


The fulchronographs and surge-crest ammeter 

links both recorded single negative crest 

magnitudes of zero amperes in phase 1, 50 

amperes in phase 2, 500 amperes in phase 3, 

and 1,000 amperes in the common ground. 

The high-speed fulchronographs showed no 
measurable duration 


the three-phase legs of the arrester dis- 
charged simultaneously for the sum of 
the crest currents recorded by the ful- 
_ chronographs and the surge-crest amme- 
ter links in each phase equals the crest 
magnitude of 6,500 amperes recorded by 
“the fulchronograph and surge-crest am- 
meter links in the common ground lead. 

The cathode-ray oscillogram showed a 
' peak current of 10,000 amperes with a 
_ high oscillation believed to have been 
_ caused by the bushing failure. Its mean 
value of 6,500 amperes is in complete 
agreement with the records of the ful- 
_chronographs and magnetic links. The 
_ shape of the tail of the wave was probably 

affected by the bushing failure and, there- 

fore, should not be taken as indicative of 
: the normal arrester discharge. 
Record 94, Figure 7. This record 
consists only of the high-speed fulchrono- 
grams in the individual phase legs of the 
arrester, as the slow-speed fulchronograph 
and the oscillograph in the common 
ground lead were not in operation. The 
record is of interest, because of the con- 
siderable number of components in all 
phases, 7 in phase 1, 12 in phase 2, and 
6 or 7 in phase 3. The third component 
in phase 3 may actually be two super- 
imposed on each other. The crest cur- 
rents ranged from a maximum of 9,600 
amperes, the highest recorded in this in- 
vestigation, to a minimum of 510 amperes. 
The maximum measurable duration of 
any component was 400 microseconds. 
All of the components were totally nega- 
tive, with the exception of the 9,600 am- 
pere component which was initially nega- 
tive followed by a positive portion with a 
crest of 800 amperes. 

Record 96, Figure 8. This figure 
shows cathode-ray oscillograms of cur- 
rent in the common ground lead. The 
duration as measurable on the fulchrono- 
grams was too short to warrant plotting, 
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Figure 6. Record 77 obtained at the Stone 2000 


Creek substation, June 12, 1941 
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6B Replot of os- 
cillogram to a linear 
scale 


6C High-speed ful- 

chronograms of cur- 

rent in each arrester 
phase 
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Slow - speed ful- 
chronograph re- 
corded a negative 
crest of 6,500 am- 
peres and the same 
crest magnitudes as 
recorded by the ful- 
chronographs were 
recorded by the 
surge-crest ammeter 


links 


PHASE NO. 3 


SURGE CURRENT IN AMPERES 


Figure 7 (below). High-speed fulchronograms of the current in each lightning arrester phase 
for record 94 obtained July 18, 1941 at the Twin City substation 
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Figure 8 (left). Cath- 
ode-ray oscillograms 
ofrecord96o0btained 
in common ground 
lead of arrester bank 
at the Stone Creek 
substation, July 28, 
1941 
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but the recorded crest currents are tabu- 
lated in the caption of the figure. The 
arrester phase leg currents were of low 
magnitude and short duration, as indi- 
cated by the fulchronograph records and 
the oscillograms. The fronts of all com- 
ponents are abrupt. 


Analysis and Discussion of Data 


The records obtained have yielded con- 
siderable information on the magnitudes 
and wave shapes of currents discharged 
by arresters in service. Data on wave 
fronts are given in Table II and Figures 
9, 10, and- 11 show the distribution of 
crest currents, times to half value, and 
measurable durations of individual com- 
ponents. Comparisons are made with 
similar data published previously, since, 
as more and more data accumulate and 
are integrated, existing curves may be 
modified by the added data. 

Crest Currents. Figure 9 shows the 
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distribution of the crest magnitudes of 
all 88 components recorded in this in- 
vestigation. For comparison with data 
secured in other investigations made with 
the surge-crest ammeter link only, a curve 
for the crests of the maximum compo- 
nents in each of the 49 arrester discharges 
is alsoshown. There is substantial agree- 
ment between this curve and the curve 
published by Gross and McMorris.* The 
deviations between the curves in the re- 
gion of the low currents are probably the 
result of differences in instrument sensi- 
tivity. It is of interest that the percent- 
age distribution of the crest magnitudes 
of the individual components differs only 
slightly from that of the maximum crest 
current of each discharge. 

The maximum current so far recorded 
in this investigation is 9,600 amperes, ob- 
tained in record 94, Figure 7. Currents 
considerably higher than this value do 
occur infrequently in service as reported 
by other investigators; therefore, the 
upper limit of current in Figure 9 must 
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Figure 9(left). Per- 
centage distribution 
curves of the crest 
magnitudes of light- 
ning currents dis- 
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Figure 10. Percentage distribution-curves of times to half 
value of individual components of lightning currents 


discharged by arresters 


be considered with reservations for the 
time being. 

Wave Fronts. Table IT lists the data 
obtained on wave fronts by means of the 
magnetic surge-front recorder and the 
cathode-ray oscillograph. They indicate 
that the low current discharges have 
abrupt fronts, usually less than a micro- 
second. This is to be expected, since for 
a short period following the sudden break- 
down of the arrester gap, the current 
rises quickly as discussed for record 71, 
Figure 4. The low current discharges 
thus give little information on the fronts 
of the surges occurring on the line. For 
currents in excess of 1,000 amperes the 
fronts vary between 2 and 25 microsec- 
onds with average rates of rise of from 
less than 125 to 2,500 amperes per micro- 
second. The highest rate of rise reported 
by Wagner, McCann, and Beck? is 3,200 
amperes per microsecond. Considering 
the number of measurements (29) of 
wave front reported in these two papers, 
the percentage of arrester discharges hav- 
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Figure 11 (right). 
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eres per microsecond will be small. 
Times to Half Value. Figure 10 

shows the percentage distribution of 

times to half value plotted on two bases: 


1. Considering all 88 components. 


2. Considering only the 34 components 
that exceeded 1,000 amperes. 


This was done because the time to half 

value of the small magnitude compo- 

nents might be influenced by the ful- 
chronograph’s lower limit of sensitivity. 

However, both curves are in good agree- 

ment but indicate considerably shorter 

times to half value than the curves pub- 
lished by Wagner, McCann, and Beck 
covering measurements on a number of 
systems prior to 1941. It should be noted 
that the Wagner, McCann, and Beck 
curves include only the few records se- 

cured on the American Gas and Electric 

: Company system before 1941, 

_ Measurable Duration. Percentage 
distribution curves of the measurable 
duration of arrester-discharge currents 

_ are given in Figure 11. This duration is 

the time required for the current in a 
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component to decay below about 50 am- 
peres. Since the measurable duration 
should be greatly influenced by the crest 
magnitude of the surge, the data have 
been plotted both for all 88 components 
and for the 34 exceeding 1,000 amperes. 
As would be expected, longer durations 
are recorded for the higher magnitude 
discharges. The longest duration ob- 
tained in this investigation is below 500 
microseconds. This corresponds to the 
results reported by Wagner, McCann, 
and Beck if the long-duration surge ob- 
tained by them on an ungrounded system 
is omitted. This was expected since the 
present study has* been conducted en- 
tirely on solidly grounded neutral sys- 
tems. As has been previously pointed 
out, the windings of grounded-neutral 
transformer banks providing a path to 
ground in parallel with the arrester, are 
more likely to absorb the low-magnitude, 
long-duration portions of a surge than 
are the arresters. 

Arrester Protection. The number of 
arrester discharges which were associated 
with surges that would have produced 
dangerous potentials in the absence of the 
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arresters have been estimated and listed 
in Table I. If one or more arrester cur- 
rent components in one or more phases 
of any discharge had a crest magnitude 
which indicated that the incoming surge 
on the line would have produced a volt- 
age at the station in excess of the standard 
basic impulse level, with no arresters 
present, it was counted as one possible 
failure. Nineteen of the total of 21 rec- 
ords had currents above the critical value. 
At Twin City, Stone Creek, and Rocky 
Mount, all discharges were in the danger 
zone. At every station, at least one surge 
appeared that might have caused damage. 
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The Factachtals of Industrial 
Distribution Systems 


D. L. BEEMAN 
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Synopsis: The intensive manufacturing 
activity accompanying the present defense 
program has stimulated interest in industrial 
electric power distribution. The ultimate 
objective is one of effectively satisfying 
electric power requirements with reasonable 
first cost consistent with a fair standard of 
safety and service reliability. 

This paper presents the fundamental as- 
pects of industrial power distribution, with 
particular reference to low-voltage power 
supply to distributed electrical machinery, 
and compares various basic system designs, 
including large concentrated substations and 
distributed load-center substations with 
radial and secondary network modifications, 
as to safety, service reliability, simplicity, 
and so on, relative to estimated installed 
cost. The comparative analysis compre- 
hends the complete electrical system be- 
tween high-voltage supply bus and utili- 
zation terminal of low-voltage feeders. 
The ideal size of unit substation as in- 
fluenced by operating voltage and load 
density is covered. 

Principles of system design here disclosed 
are applicable not only to new plant con- 
struction but to expansion or moderniza- 
tion of existing plants as well. 


HE intent of this paper is to present 

the comparative merits of the several 
typical forms of industrial plant electrical 
distribution systems presented with a 
view to the general adoption of that sys- 
tem which will, in the majority of cases, 
meet the overall requirements most ef- 
fectively. 


General Considerations 


The characteristic features on which the 
evaluation of merit depend are: 


First cost. 

Safety. 

Service reliability. 

Simplicity of operation. 

Voltage regulation. 

Efficiency. 

Maintenance cost. 

Flexibility in meeting load changes. 


Paper 42-21, recommended by the AIEE committee 
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January 26-30, 1942. Manuscript submitted 
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December 3, 1941. 


D. L. Bregman and R. H. KAuFMANN are both of 
the industrial engineering department, General 
Electric Company, Schenectady, N. Y. 


272 ‘TRANSACTIONS 


R. H. KAUFMANN 


MEMBER AIEE 


Only the over-all system performance is 
significant. This requires simultaneous 
recognition of all elements between the 
primary power source and the ultimate 
utilization machines. These elements 
are: primary feeder switching and trans- 
mission circuits, step-down transformers 
together with their associated high-volt- 
age and low-voltage switching equipment, 
low-voltage circuits to secondary distri- 
bution centers, secondary distribution 
panels and branch circuits to individual 
loads. 


Primary Operating Voltage 


The primary operating voltage will, in 
general, be fixed by considerations out- 
side the general factory requirements. 
The presence of a considerable number of 
large motors may favor the use of 2,400 or 
4,160-volt primary systems. It will 
otherwise be generally preferable to adopt 
the incoming utility-system voltage so 
long as it is not in excess of 15 kv. Com- 
mon system voltages are 4,160 and 13,200 
volts. 


Secondary Operating Voltage 


The great majority of manufacturing 
plants with which we are concerned in- 
corporate machine tools powered by rela- 
tively small motors, usually not in excess 
of 25 horsepower. Except for very small 
fractional horsepower units, the adoption 
of a nominal 440-volt level is to be pre- 
ferred to lower voltages. Advantage can 
thus be taken of substantial reductions in 
secondary switching cost and size together 
with corresponding reductions in second- 
ary cable cost. 

The use of four-wire system suitable for 
440-volt motors offers a promising means 
of supplying both power and fluorescent 
lighting from a common system retaining 
the advantages of 440-volt operation. 

Incandescent lighting, while of ever 
lessening importance for factory lighting, 
may be encountered, and is suited to 120- 
volt operation. This operating voltage 
may be derived from 440-volt system by 
transformers, or by separate lighting trans- 
formers independent of the power system. 

A load composed largely of incandes- 


Beeman, Kaufmann—Industrial Distribution Systems 


cent lights and small motors unsuited to 
440-volt service would favor the use of a 
208Y/120-volt system. . 


_ Load Density 


The load densities commonly encoun- 
tered, including both power and lighting, 
are in the range of about 8 to 25 volt-am- 
peres per square foot. 

Lighting load levels for up-to-date il- 
lumination intensity may be expected to 
be 4 to 6 volt-amperes per square foot for . 
incandescent lamps and 2 to 3 volt-am- 
peres per square foot for high power- 
factor fluorescent lamps. 

Power-load densities will be subject to 
greater variation ranging between about 
6 and 20 volt-amperes per square foot. 
Areas devoted largely to assembly will 
show the lower load levels while intensive 
manufacturing areas will show the higher 
levels. 

Accumulated records indicate a fairly 
limited load-density range in the order of 
8 to 15 volt-amperes per square foot for 
existing mantfacturing plants, and the 
higher contemplated values apply to pro- 
posed new plants. Plants of higher load 
density are known, but this fact does not 
affect the following discussion. 


Specific System Comparison 


To avoid abstract comparisons, a rep- 
resentative distributed load block has 
been selected totaling 3,600 to 3,750 kva 
with a load density of 10 volt-amperes 
per square foot and suited to 440-volt 
utilization. Individual control of low- 
voltage radial feeders, averaging 150 kva 
each, is to be provided in all cases. The 
primary service is considered to be 4,160- 
volt, three-phase, 60-cycle, with a short- 
circuit interrupting requirement of 
150,000 kva. 

Evaluations of comparative installed 
cost includes all electrical equipment be- 
tween the main high-voltage power sup- 
ply bus and the terminals of the 150.kva 
low-voltage feeders. 

The typical forms of distribution sys- 
tems have been classified as follows: 


A. Single large substation—radial low- 
voltage feeders. 

B. Distributed load-center system. 

1. Simple radial (Figure 4). 

2. Primary selective (Figure 5). 

3. Secondary selective (Figure 7). 

4. Secondary network (Figure 8). 


Variations and combinations of these 
systems are used, but this does not alter 
the basic data presented here. 
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Figure 1. Schematic diagram of conventional 


distribution system 


To simplify the text and aid in clari- 
fying the interpretation of results, the 
system comparative study has been pre- 
sented in two sections: 


1. A comparison of the single large sub- 
station versus the distributed load-center 
system. 


2. Comparison of the several forms of load- 
center distribution. 


I. Single Large Substation Versus 
Distributed Load-Center System 


In the past it has been common prac- 
tice to distribute power to a relatively 
large factory area at utilization voltage 
from a single step-down substation ac- 
commodating several thousand kilovolt- 
amperes. This will be referred to as the 
conventional method, a typical circuit 
diagram of which is illustrated in Figure 1. 

The modern load-center distribution 
method incorporates distributed step- 
down stations of smallcapacity (600—1,000 
kva for 440-volt operation and 300-600 
kva for 208Y/120- or 220-volt operation) 
from which low-voltage power is distrib- 
uted to the immediately surrounding area 
as shown in Figure 2. A load-center unit 
is defined as an integrated step-down 
station consolidating step-down trans- 
former, high-voltage switching unit, and 
low-voltage switching equipment, as 
typified by the illustration in Figure 3. 

Application of the distributed load- 
center system not only allows a substan- 
tial reduction in total system investment 
cost, but also provides numerous other 
advantages. 


Cost 


The distributed load-center system 
shows a lower installed cost than the con- 
ventional system because: 


1. Power is transmitted directly to the 
utilization area at high voltage. This ma- 
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terially reduces cable investment cost and 
total J?R losses. 


2. The cost of low-voltage switching equip- 
ment is materially less than for the con- 
ventional method because of lower short- 
circuit currents associated with the smaller 
substations. 


Although transformer cost per kilo- 
volt-ampere diminishes with increasing 
rating, this influence is far overshadowed 
by the cost reductions enumerated under 
1 and 2 for ratings of 600-1,000 kva at 
440 volts and 300-600 kva at 220 volts. 

For example, the installed cost of these 
two systems, based on the reference load 
block of 3,750 kva, would be about $71,000 
for the distributed load-center system, 
Figure 2, compared with about $103,000 
for the large single substation type Figure 
i 

Reductions in secondary cable and sec- 
ondary switching-equipment costs for the 
distributed load-center system  over- 
shadow the increase in transformer cost. 
The necessity of simultaneous recognition 
of all system parts for determining the 
lowest over-all first cost is evident. 


SYSTEM PLANNING AND FINANCING 


The use of small load-center substa- 
tions permits electrical capacity to be 
added in small increments when and 
where needed; thus large capital layouts 
are not required, making it easier to fi- 
nance plant extension. This eliminates 
the necessity for involved planning; 
hence, reduces engineering costs and er- 
rors. On the other hand, large substa- 
tions require involved forecasting of loca- 
tion and magnitude of loads and high ini- 
tial investment, which is not completely 
put to work until the anticipated load is 
reached, If future developments do not 
permit utilizing the capacity of the large 
substation as planned, then the initial in- 
vestment is not utilized efficiently or ef- 
fectively. 

A spare transformer for the small load- 
center unit represents less idle capital 
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Figure 2. Schematic diagram of load-center 
distribution system 


than the larger spare unit for the large 
station. 


INSTALLATION CONSIDERATIONS 


The small substations compared with 
large ones offer many advantages from 
the standpoint of handling and installa- 
tion. For example: 


1. No expensive encloses) or foundations 
are required. 


2. The small self-contained metal-enclosed 
load-center unit can be located within the 
working area close to the center of the par- 
ticular load area being served, while the 
large substation must generally be located 
at one side of the working area because of 
size and weight of component parts to be 
handled. 


3. They can be moved more easily from 
one location to another to cope with changes 
in electrical demands accompanying changes 
in manufacturing technique. 


4. In the event of a failure, service can be 
restored more quickly because less time and 
equipment is required to move the small 
units. The change can usually be made with 
equipment and personnel normally avail- 
able around the average factory. 


These advantages are only fully real- 
ized with completely metal-enclosed unit- 
type substations as shown in Figure 2 


VOLTAGE REGULATION 


Because of the shorter secondary runs 
in load-center distribution, voltage drop 
and light flicker are less. This improves 
the performance of motors and lamps, 
and hence facilitates more and better pro- 
duction. 


SYSTEM FLEXIBILITY 


Load-center distribution is ideally 
adapted to industrial plants, because it 
may be used in various circuit arrange- 
ments to meet varying degrees of service 
continuity required by manufacturing 
processes, and because small units are 
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Figure 3. Typical form of load-center unit substation 


used, variation may be adapted within 
small factories. 

This comparison indicates the load- 
center distribution system as being the 
most desirable for the average industrial 
plants. The single large substation de- 
sign is not only more costly, but is de- 
ficient in other important respects, such as 
electrical operating efficiency, voltage regu- 
lation, greater initial engineering and plan- 
ning, higher financing cost, and less flexi- 
bility as to future expansion or extensions. 

Subsequent analysis of variations in 
system arrangement will, therefore, be 
limited to the distributed load-center de- 
sign. 


II. Load-Center-System Circuit 
Arrangements 


The principal reason for considering 
variations in circuit arrangements is that 
of service reliability. The various ar- 
rangements may be classified into four 
groups typified by forms 1, 2, 3 and 4, 
which provide progressively increased 
service reliability and may be individually 
characterized as follows: 

(All percentage cost figures are based 
on the typical example previously de- 
fined.) 


TyprE 1—SIMPLE RADIAL (See Figure 4) 


This arrangement represents the sim- 
plest form of load-center distribution and 


3750 KVALOAD 


provides a single direct electrical channel 
extending to each low-voltage load area. 
All system elements are considered to be 
operated at rated capacity. 

The lowest possible installed cost is ob- 
tained due to simplicity of the arrange- 
ment and complete absence of secondary 
power-supply duplication, together with 
selection of the optimum size of load- 
center unit. (See appendix for further 
discussion.) ? 

For cost comparison, this arrangement 
will be arbitrarily assigned a value of 100 
per cent. 

The inherent simplicity together with 
circuit breakers of adequate interrupting 
capacity results in a high order of safety. 
The load-center unit-substation primary 
disconnecting switches are for isolating a 
load-center unit only when completely 
deenergized. 

All load to a particular area is always 
delivered by way of a single well-defined 
route which makes for simplicity in opera- 
tion, 

Voltage regulation is only slightly in- 
ferior to the best circuit arrangement con- 
sidered, the difference being due to nor- 
mally operating all transformers and 
cable at full rated capacity. 

Service reliability of this arrangement is 
not the best, for a failure of the primary 
cable or its associated junctions interrupts 
power flow to the entire load block pend- 
ing repair or installation of a temporary 
high-voltage circuit in place of the faulty 
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Figure 5. Schematic diagram of primary- 
selective-circuit arrangement 


section. A failure of a load-center trans- 
former or its associated connections re- 
sults in an interruption of power to that 
local area pending repair or replacement 
of the faulty unit. To deenergize one ele- 
ment for inspection or maintenance (that 
is, primary feeder breaker, load-center 
transformer or high-voltage disconnect 
switch) likewise demands interruption of 
power flow. 

In the great majority of applications, a 
higher degree of service reliability will be 
desired and warranted. 


TYPE 2—PRIMARY SELECTIVE (See Figure 

5) 

As will be observed from the figure, this 
circuit arrangement is distinguished by 
the use of duplicate primary high-voltage 
feeders, either of which is capable of 
handling the entire load block in com- 
bination with a high-voltage transfer 
means at each load center. 

Under normal operating conditions, 
approximately equal numbers of load- 
center unit substations are fed from each 
primary cable. While operating nor- 
mally in this condition, operating char- 
acteristics are practically the same as the 
type l. 

The presence of the primary transfer 
means makes it possible to reestablish 
service to all load centers with one pri- 
mary feeder deenergized. 

A failure of one primary cable would in- 
terrupt service to those load centers which 
were being fed from this circuit. Service 
can be restored by changing the position 
of the transfer means at the respective 
load-center unit substations. The dura- 
tion of the outage will depend on the time 
required to locate the system operator 
who is authorized to operate the transfer 
means and the time consumed in visiting 
those stations at which power interrup- 
tion occurred. 

For maintenance or inspection of pri- 
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‘Mary circuit equipment, only a short in- 
terruption is occasioned since load centers 
are individually transferred before de- 
energizing the primary feeder. 

It is important to note that, following 


_Teestablishment of voltage on a primary 


feeder, load-center units should again be 


returned to their normal feeder, which 
will account for another service inter- 


ruption of short duration. 

The use of a primary loop circuit as il- 
lustrated in Figure 6 constitutes a-varia- 
tion of the primary selective circuit ar- 
rangements. Unless automatic section- 
alizing circuit breakers are incorporated, 
a primary circuit fault results in an ex- 
tended interruption to the entire load, no 
part of which can be reenergized until the 
circuit has been sectionalized to exclude 
the faulty section. The chief advantages 
of the loop circuit are: 


1. The ability to combine feeder and tie- 
circuit functions when primary power-supply 
stations are located on opposite sides of the 
plant. 


2. The ability to isolate a particular load 
center in the event that fire or explosion 
should damage both primary cables at one 
location. 

3. Primary circuit loading is inherently 
equalized with both primary switches at 
each load center closed as they normally 
would be. a 


The installed cost is increased due to 
additional primary switching equipment, 
high-voltage cable, and the use of pri- 
mary transfer means on all load-center 
unit substations. The cost of this ar- 
rangement, relative to the cost of the 
simple radial becomes about 130 per cent. 

For a primary circuit-interrupting re- 
quirement not exceeding 50,000 kva at 
circuit voltages below five kilovolts, metal- 
clad circuit-breaker transfer means, in- 
cluding a two-position structure with one 
circuit breaker, can be used without in- 
creasing the over-all cost level by more 
than approximately five per cent, as com- 
pared with disconnecting switches as the 
transfer means. 

Safety is impaired when the primary 
transfer means is disconnect switches. 
Although interlocked to prevent opera- 
tion except when low-voltage breakers 
are open, hazards nevertheless exist. 
The presence of a transformer turn-to- 
turn coil failures may allow the flow of 
substantial primary current irrespective 
of low-voltage breaker position. A major 
electrical fault at a transformer or its as- 
sociated primary connections, which pro- 
duces a primary circuit trip-out, may lead 
to serious consequences since normal rou- 
tine procedure provides for transferring 
all deenergized load-center units to 
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Figure 6. Schematic diagram of primary- 
selective-circuit arrangements with loop pri- 
mary feeder 


healthy feeders. When the faulty trans- 
former is so transferred, the faulty circuit 
is closed on the healthy feeder by means 
of the transfer disconnect switch. Of 
lesser importance but nevertheless dis- 
turbing is the fact that a complete shut- 
down of both primary feeders results, 
and much confusion may easily exist be- 
fore service is reestablished. 

Circuit breakers adequate for high- 
voltage system short-circuit duty should 
be considered in all cases, as they elimi- 
nate the shortcomings of disconnect 
switches. 

Service reliability is much better than 
that provided by this circuit arrangement 
except under unusual circumstances as 
covered under the topic of safety. It is 
to be expected that primary circuit fail- 
ures will be far more numerous than trans- 
former failures, many of which will be 
accounted for by imperfect cable tap con- 
nections or termination. ‘ 

The service interruption of more or less 
indeterminate duration following a pri- 
mary circuit outage is of course objection- 
able but may, in many instances, be tol- 
erated. 

The fact that both primary circuits are 
usually brought into close proximity at 
every unit substation represents a dis- 
tinct hazard to service continuity. 

The presence of the transfer means 
which must be manipulated on a number 
of load centers for every transfer from 
normal to emergency operation and again 
in restoring normal conditions, makes this 
circuit arrangement slightly more com- 
plicated to operate than the simple radial 
circuit arrangement. 


Type 3—SECONDARY SELECTIVE (See 
Figure 7) 
The secondary selective circuit ar- 


rangement differs from those previously 
described in that the load center incor- 
porates complementary branches, each 
permanently associated with a particular 
high-voltage feeder. Transfer from nor- 
mal to emergency operation is accom- 
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plished by means of a low-voltage tie 
breaker between the two complementary 
sections. This extends the duplication of 
supply to the load-center low-voltage bus 
and thus provides for continued service 
with either a transformer or a primary 
feeder out of service. 

Under normal conditions the tie breaker 
is open and both transformer breakers are 
closed, in which state the system exhibits 
all the elements of simplicity to be found 
in the simple radial system. 

For emergency operation, the trans- 
former low-voltage breaker associated 
with the channel which has been or is to 
be deenergized is opened and the low- 
voltage tie breaker closed. Loading levels 
have been selected such that a trans- 
former is subjected to not more than 125 
percentrating during emergency operation. 

The installed cost is increased over that 
of the primary selective arrangement 
largely because of reduced normal loading 
level on transformers. The relative cost 
level is between 145 and 150 per cent of 
the cost of the simple radial circuit. 
However, the reduced normal transformer 
loading provides additional benefits, aside 
from service reliability in the form of 
lower losses, lower transformer tempera- 
ture and consequent increased life, and 
better voltage regulation. The cost per 
kva can be reduced by normally operat- 
ing the transformers at a load more 
nearly equal to rating, depending on load 
curtailment to avoid excessive trans- 


* former load during emergency operation. 


The same order of safety as associated 
with the simple radial circuits is retained. 
All transfer switching from normal to 
emergency conditions and vice versa is 
performed on full interrupting-capacity 
low-voltage air circuit breakers. The pos- 
sibility of producing a complete primary 
system shutdown by transferring a fault 
to the healthy feeder is eliminated. The 
individual transformer primary discon- 
nect switch is used only for isolating pur- 
poses and on this basis may be considered 
to represent only a slight hazard. 

In respect to service reliability, this cir- 
cuit arrangement excels the primary-se- 
lective circuit. Continued operation is 
insured with a transformer as well as a 
primary cable out of service. For very 
little increased cost, provision can be 
made for automatic transfer to emergency 
operation through electrical operation of 
the tie breaker, by which means restora- 
tion of voltage may be accomplished 
within an interval of about one to two 
seconds. The normal operation of trans- 
formers at considerably less than rating 
allows an unusual temporary load demand 
in any area to be met without distress. 
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Simplicity of operation comparable with 
that of the simple radial circuits is ob- 
tained. The low-voltage tie breaker be- 
tween complementary bus sections repre- 
sents the only feature which modifies the 
operating procedure. 

Voltage regulation is reduced under nor- 
mal operating conditions as a result of 
reduced transformer loading. Voltage 
regulation under emergency operating 
conditions is only slightly inferior to that 
of the simple radial circuits as a result of 
transformer operation of 125 per cent 
rating. 


Type 4—Sreconpary NeETworK (See 
Figure 8) 


The secondary network system is dis- 
tinguished from others in that continu- 
ously connected duplicate sources are 
provided to each low-voltage load-center 
bus. The prime source is represented by 
a transformer tie to the primary system 
while low-voltage tie circuits intercon- 
nected with one or more other prime 
sources constitute the emergency source. 
Two or more primary feeders are used, 
and the emergency source for one load 
center is derived from prime sources asso- 
ciated with a different primary feeder. 

Provision is made for automatically 


clearing any particular prime source or tie 
circuit: which becomes involved in fault 
without interrupting other source connec- 
tions. This requires a network protector 
in the secondary of each transformer. A 
network protector is an automatic circuit 
breaker equipped with directional relays. 
The relays trip the protector whenever 
power flows from the low-voltage to the 
high-voltage terminals of the transformer. 
It does not trip for power flow in the op- 
posite direction. Automatic reclosing is 
provided. 

The required reserve capacity in pri- 
mary cables and transformers is not 
greatly different than that for the second- 
ary selective circuits. Loss of voltage 
on one primary feeder immediately re- 
sults in automatic transfer of the load 
previously carried by that feeder to ad- 
jacent load centers by way of the inter- 
connecting low-voltage tie circuits. Re- 
serve transformer capacity is needed to 
avoid transformer loading levels in excess 
of 125 per cent of rating. Two primary 
feeders, to which the load centers are al- 
ternatively connected, would require that 
the normal load level per transformer be 
held to 63 per cent of rating. The re- 
quired transformer capacity may be re- 
duced by about 30 per cent by the use of 
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three or more primary feeders. This can 


also be accomplished in two-feeder sys- 


tems by the introduction of primary 
transfer switches in combination with 
suitable means for insuring prompt trans- 
fer of load-center units to healthy feeders 
following loss of voltage on one feeder. 
Transfer devices offer no economic ad- 
vantage over three-feeder systems, hence 
are not considered because of the hazard 
of transfer switches. 

It will be immediately apparent that 
the introduction of permanently con- 
nected emergency tie circuits will in- 
crease the low-voltage short-circuit cur- 
rent level unless the size of load-center 
units is simultaneously reduced. Wherea 
number of load-center units are inter- 
connected on the low-voltage side, careful 
design and specification of tie circuit im- 
pedance will be necessary to realize the 
most favorable economic balance. It will 
quite often be necessary to insert reactors 
in the tie circuits to obtain the desired 
results. The same care in system design 
is required in incorporating one or more 
additional load-center units in the net- 
work at a future date as dictated by fu- 
ture load conditions. 

The installed cost of the secondary net- 
work referred to the simple radial type 
will be in the range of 175 to 200 per cent. 
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Figure 8. Schematic diagram of secondary network 
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‘The increased cost is the result of the in- 
troduction of low-voltage tie circuits and 
the more costly low-voltage switching 


_ equipment demanded by increased short- 
circuit current level. 


With respect to safety, the secondary 


network, with low-voltage circuit break- 


ers of adequate interrupting capacity, is 
comparable with the secondary selective, 
and the simple radial types. The fact 
that more than one source circuit must be 


opened to deenergize a particular load- 


center low-voltage bus represents some 


additional hazard, unless highly trained 


personnel is available. 

The increased low-voltage short-circuit 
level to be expected with the secondary 
network is opposed to the interests of 
safety. Higher short-circuit current 
levels mean more violent disruptive ef- 
fects at the point of fault. It may also 
jeopardize the safety of nearby branch 
circuit-switching units and individual load 
controllers unless the system is carefully 


checked and designed to avoid such a 


possibility. 

Service reliability is of the highest order 
to the load-center low-voltage bus. A 
primary feeder or transformer unit may 


be deenergized without incurring inter- 


tuption of service to any load center. 
Electrical faults in primary feeders or 
transformers will be automatically re- 
moved without service interruption ex- 
cept for a momentary voltage depression 
during the time the faulty element is be- 
ing severed from the system. 

Operating simplicity is sacrificed in the 
secondary network. In general any sys- 
tem incorporating multiple paralleled 
branches introduces operating complica- 
tions. Should primary feeders originate 
from different high-voltage bus sections, 
as they should preferably do, voltage or 
phase-angle differences between these two 
sources will cause circulating currents 
which increase the loading on some load- 
center transformers and may create many 
perplexing problems for the operating de- 
partments. To deenergize a particular 
load-center low-voltage bus requires that 
two or more source circuits be opened. 
The maintenance and adjustment of net- 
work protectors with their associated net- 
work relays require greater skill than do 
conventional air circuit breakers. 

Voltage regulation is good but not sig- 
nificantly superior. The normal load 


‘regulation may be either above or below 


the secondary selective circuit, depending 
on the particular form being considered. 
The regulation under emergency opera- 
tion is likely to be inferior to the second- 
ary selective form due to voltage drop 
in the low-voltage tie circuits. 
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It excels in the ability to accept heavy 
motor starting currents without light 
flicker which is directly the result of higher 
short-circuit current levels. This feature 
will be of value, however, only if motor 
starting currents approach that ‘value 
which will produce light flicker. For in- 
stance, across-the-line starting of a 25- 
horsepower motor on a 440-volt system 
having a short-circuit current level of 
25,000 amperes will result in a. voltage 
drop of only one per cent. Since this 
would be judged to represent no notice- 
able flicker effect even with incandescent 
lighting, an increase in short-circuit cur- 
rent level could not be credited with im- 
proving light flicker. However, when 


larger motors are to be started on the 480- 


volt system, the network acquires some 
additional advantage. 


Summary of Comparative 
Performance 


Comparative installed-cost and elec- 
trical-performance characteristics of the 
various forms of distributed load-center 
systems are condensed in Table I. Quali- 
ties which are incapable of numerical 
evaluation are rated in terms of letters, 4 
representing the best, B the next best, and 
so on. 

The system cost comparisons are based 
on the representative load area expressly 
defined in the early part of this paper. 
While deviations from this basic load con- 
dition will influence the specific values to 
some degree, all systems will be similarly 
affected. 

In every case, air circuit breakers of 
adequate interrupting capacity have 
been used for all low-voltage switching 
operations. Cascade arrangements® are 
used where it permits savings on breaker 
cost. All systems have been designed to 
provide individual control of the same 
number of secondary feeder circuits. An 
average unit feeder capacity of 150 kva 
(about 200 amperes at 440 volts) has 
been selected as representing a reasonable 
value commensurate with operating flexi- 
bility and ease of installation. 

The selection of load-center unit rat- 
ings has been made with optimum in- 
stalled cost as the objective. 


Application of Limiters 


For the purpose of diminishing the in- 
stalled first cost, particularly in the case 
of the secondary network system, the 
substitution of limiters for air circuit 
breakers has been proposed. 

To realize the service reliability of 
which the system is capable, of course, 
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demands that the fault-current interrupt- 
ing ability be unquestionably established 
under service conditions. 

The application of limiters without 
proper isolating switches seriously im- 
pairs safety and operating flexibility. 
To deenergize any part thereof requires 
either that the entire network be deener- 
gized or the particular section be isolated 
by literally cutting the energized conduc- 
tors. The former would nullify the serv- 
ice continuity rating which the network 
systems claims as its chief advantage. 
The latter constitutes a serious hazard to 
operating personnel. 

All repairs, additions or modifications 
made after the system is initially ener- 
gized must be worked ‘“‘hot”, Although 
such practice is quite common in the 
utility industry, its successful application 
depends on a maintenance crew unusually 
skilled in handling electrical circuits and 
kept in practice by continual experience. 
The usual industrial plant would be un- 
likely to maintain a competent group of 
such skilled men and would afford insuf- 
ficient practice to maintain proficiency. 

The usual limiters incorporate no 
positive operationindicator. Tie circuits 
may have been divorced from the system 
as a result of internal fault without 
warning to the operating department 
and thus constitute a hazard to service 
continuity under emergency operating 
conditions. 


Selection of Circuit Arrangement 


The problem of selecting that circuit 
atrangement which will satisfy applica- 
tion requirements becomes primarily one 
of balancing service reliability against 
installed cost. It should, however, be 
borne in mind that a system, theoretically 
not perfect, but with the best possible 
type of equipment, is better than a sys- 
tem more perfect on paper, but with 
second-rate apparatus, such as a fusible 
element instead of a breaker. 

Service reliability requirements will 
vary widely for various service conditions. 
The requirements for warehouses and 
storerooms will be low, although the abil- 
ity to restore excitation to the more im- 
portant circuits is obviously advantage- 
ous. General manufacturing plants op- 
erating on a piece-rate basis have observed 
that electrical-service outages of as much 
as twenty or thirty minutes rarely result 
in diminished output for that day. A 
few industrial processes are seriously in- 
fluenced by service interruption for any 
significant interval, such as wire enamel- 
ing and glass working. 

In these more exacting applications, the 
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secondary network system may be justi- 
fied, although even an allowable outage 
interval of two or three seconds will permit 
application of the secondary selective cir- 
cuits with automatic transfer, at consid- 
erably less cost. 

For all but the most exacting require- 
ments, the secondary-selective-circuit ar- 
rangement should find general if not uni- 
versal application in industry in view of 
these outstanding merits. 


1. MoprraATE INSTALLED Cost 


Based on maintaining full system load 
during emergency operation, the cost is 
moderately greater than that of the mini- 
mum tolerable system arrangement. The 
increased cost above the simple radial 
system is largely invested in active mate- 
rial (primary cables and transformers) 
which return benefits in the form of im- 
proved voltage regulation, reduced op- 
erating temperature, lower losses, and the 
ability to meet unusual temporary peak 
load demands without distress. 

For areas which allow a lower order of 
service reliability, first cost can be re- 
duced by curtailing load during emer- 
gency operation. A 40 per cent load re- 
duction during emergency operation al- 
lows system first cost to be reduced to 
within about 10 per cent of the simple 
radial circuit. No change in load-center 
size or design is needed, the result being 
accomplished merely by assigning a larger 
normal load block to the particular load 
center. 


2. HIGH ORDER OF SAFETY 


All secondary switching operations af- 
fecting service are performed with low- 
voltage air circuit breakers of adequate 
interrupting capacity. The disconnect- 
ing switches on the primary of the trans- 
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Figure 9. Cost of load-center distribution as a 
function of transformer size 


480 volts 
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formers need only be operated when com- 
pletely deenergized. 


3. Goop SERVICE RELIABILITY 


Each secondary feeder circuit has ac- 
cess to two low-voltage sources derived 
from different primary feeders. Auto- 
matic transfer may be readily incorpo- 
rated to limit service interruption to an 
interval of one or two seconds. 


4. SIMPLE TO OPERATE 


The operating simplicity of the simple 
radial system is obtained. There is no 
question as to the proper switching opera- 
tion required to meet a particular situa- 
tion. Each duplex load-center unit is 
self-contained and independent of others. 


5. VOLTAGE REGULATION IS OF THE 
BEST 


The normal voltage regulation is en- 
tirely comparable with that of any other 
system, although the difference between 
any of the distributed load-center systems 
is actually not significant. 


Appendix 


Optimum Size of Load-Center Unit 


The most economical size of unit substa- 
tion is determined principally by the cost 
of the unit substation itself. This point is 
illustrated in Figure 9, which shows the 
cost per kilovolt-ampere of the small capac- 
ity of a radial load-center distribution 
system and the cost per kilovolt-ampere of 
the load-center unit. 

The smaller load-center units are more 
expensive, because small equipment is inher- 
ently more expensive per kilovolt-ampere. 
The larger load-center units become increas- 
ingly expensive because of the large switch- 
gear required to handle the high short- 
circuit current accompanying larger trans- 
former banks. The optimum size of trans- 
formers lies between these two limits and 
for 480-volt secondaries 600-, 750-, and 
1,000-kva units are most economical. 

The shape of these curves of Figure 9 is 
accentuated by cable costs. For the smaller 


units more primary cable but less secondary 
cable is required. For the larger units less 
primary cable is required, but there is a very 
material increase in the amount of second- 
ary cable necessary to transmit the power 
This point is 


over the larger load area. 
illustrated in Figure 10. 


COST CONDUCTOR PER 
KVA OF SUBSTATION 
CAPACITY — DOLLARS 


Figure 10. Cable cost as a function of trans- 
former size 
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Load density affects the over-all system 


costs, principally because of the effect on 


cable cost. The total installed cost per 
kilovolt-ampere of load-center distribution 
system for load densities 2 volt-amperes to 
20 volt-amperes per square foot inclusive 
are shown in Figure 11. The range of load 
densities studied should cover most average 
factory installations. It is interesting to 
note that, regardless of load densities, the 
shape of the curves is the same, and the 
optimum size of units is not affected. 

The kilowatt losses per kilovolt-ampere 
capacity is substantially constant over the 
range of units from 100 to 1,500 kva. 

The above curves have all been for 480- 
volt secondaries. When lower-voltage sec- 
ondaries are used, the cost per kilovolt- 
ampere of the system is higher, because of 
the great amount of secondary cable re- 
quired and because of the increased cost of 
secondary switchgear. This results in most 
economical sizes of transformers for 240- 
volt or 120/208-volt circuits, being 300 to 
600 kva. 

Figure 12 shows the comparative cost of 
120/208-volt load-center radial system com- 
pared with 480-volt system. 


Voltage Regulation and Short-Circuit 
Current Level 


The normal voltage regulation of a dis- 
tribution system will be controlled pri- 
marily by transformer regulation and volt- 
age drop in low-voltage circuits. 

Transformer regulation will be in the 
order of one per cent at 1.0 power factor and 
three to four per cent at 0.8 power factor at 
rated current and correspondingly less at 
lower currents. 

The voltage regulation in low-voltage cir- 
cuits is a function of conductor configura- 
tion, current loading and length of run. 
Using three-conductor or three single-con- 
ductor cables in conduit, in sizes ranging 
from 1/0 to 500,000 at current levels ap- 
proaching the thermal rating, the voltage 
regulation, on the basis of 440 volt, three- 
phase, three or four-wire service, will be in 
the order of one-half to three-fourths per 
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Figure 11. Load-center distribution system 
costs as affected by load density 


480 volts 
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Figure 12. Comparative costs of 120/208- 
volt and 480-volt load-center distribution 
systems 


cent per hundred feet of transmission, and 


will be more or less independent of power 


factor in the range of 0.7 to 0.9 lagging. At 
lower operating voltages, the per cent voltage 
regulation will be correspondingly increased. 

Separation of conductors increases the 
reactive voltage drop and increases the 
voltage regulation by increasingly greater 
amount as the power factor deviates from 
unity in the lagging direction. 

Incremental voltage or flicker-influence 
factor goes hand in hand with short-circuit 
level. The greater the short-circuit current 
the lower will be the abrupt voltage change 
resulting from a given low-power-factor 
abruptly applied load. 

However, increased short-circuit current 
level means increased low-voltage switch- 
ing-equipment expense, more violent dis- 
turbance associated with an _ electrical 
fault, and restricted application of conven- 
tional motor starters. It is therefore advis- 
able to design for the lowest short-circuit 
current level commensurate with best over- 
all economy and freedom from light flicker. 
No benefit can be claimed, as far as light 
flicker is concerned, for increasing the short- 
circuit current above that required for free- 
dom from flicker. 

The magnitude of abrupt voltage dip 
which can be permitted if the frequency of 
the occurrence is of the order of a few per 
hour is about two per cent for incandescent 
and about four per cent for fluorescent 
lighting. 
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Table II shows the required short-circuit 
current level to permit full-voltage starting 
of general-purpose induction motors for 
two per cent and four per cent voltage dip 


respectively on a 440-volt, three-phase sys- 
tem. 


Table Il. Required Short-Circuit Current Level 
for Limited Voltage Dip With Across-the- 
Line Motor Starting 


Motor Rating 2% Dip 4% Dip 

(Horsepower) (Amperes) (Amperes) 
Lit ances % gOOU Smee. ssa « 4 3,750 
BOS crate es 15,000 7,500 
OO ine nies 25,000 12,500 


1008.05.07 .60,0000 98.006 


Effect of Load-Density Variation 


Variation in load density influences the 
mean length of run (7ZZR) between the 
load-center bus and the utilization machine. 
The J/LR directly affects the investment 
cost in low-voltage distributing circuits 
(about two to four dollars per kilovolt- 
ampere per 100 foot at 440 volts) and the 
voltage regulation (about one-half to three- 
fourths per cent per 100 foot at 440 volts 
with closely spaced conductors). 

The area associated with a given load 
center will be directly proportional to load- 
center rating and inversely proportional to 
load density. It follows that the MLR will 
vary in like manner except as the square 
root of load-center rating and load density, 
since the length of run is governed by the 
lineal dimension of the sides. Expressed 
mathematically, this becomes 


MLR= Ky EG rating 
load density 


assuming, of course, that the shape of the 
load area remains unchanged. 

Low-voltage circuit runs generally follow 
a rectangular course coinciding with the 
building form rather than a direct diagonal 
path to the subdistribution point which in- 
creases the length of run by 40 per cent for 
square load areas. 

To enable rapid evaluation of low-voltage 
MLR, the attached Figure 13 has been pre- 
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LOAD DENSITY VA/sq FT 


Figure 13. Mean length of secondary run 


versus load density 


pared, giving the horizontal MLR as a func- 
tion of load density for various load-center 
ratings, based on rectangular configuration. 
To this must be added the vertical lengths 
almost invariably involved. For floor or 
underfloor installation, a 10-foot allowance 
(5 feet at each end) is reasonable. For over- 
head installation, a 15- to 30-foot allowance 
would generally be expected. 
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Transient Characteristics of Current 


Transformers During Faults 


C. CONCORDIA 


MEMBER AIEE 


HE factors involving current-trans- 

former performance that affect the op- 
eration of protective equipment have re- 
cently received considerable attention.!~* 
The fact that the transient performance 
may be greatly different from the steady- 
state performance has been recognized, 
but little quantitative data on transient 
performance have been published. Data 
from oscillograph records of tests and 
from approximate analytical methods 
have definitely indicated the magnitudes 
of the expected steady-state errors and 
at the same time conveyed the thought 
that the transient errors would be very 
much larger. This paper presents some 
of the results of a study of current-trans- 
former transient performance that has 
been made on the differential analyzer 
with the effects of transformer saturation 
more accurately considered. 

While the information presented here- 
with is neither a complete coverage of the 
subject nor even a complete summary of 
what has been done to date by the au- 
thors, it has seemed desirable to publish 
it now for the general benefit of the inter- 
ested engineers. More specifically the 
data presented apply to current trans- 
formers such as might be encountered in 
bus-differential protection. The magni- 
tude of expected error under various con- 
ditions of application was studied for a 
wide range of transformers of the con- 
ventional bar-type construction and of 
the bushing type, but it is possible to pre- 
sent only a small part of these results here 
because of space limitations. Most of the 
data presented here on the bushing-type 
transformer was for a transformer physi- 
cally larger than would be normally used, 
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in order that the data would show what 
improvement can be affected through in- 
crease in size, 

Certain broad assumptions have been 
made regarding the distribution of fault 
current between circuits, the degree of 
similarity of the various transformers, 
and so on, since all combinations of pos- 
sible operating conditions cannot be con- 
sidered in a study of this type. However, 
the data will be useful as a basis for judg- 
ing the expected performance of existing 
and contemplated installations, particu- 
larly since the effects of variations of such 
important factors as the magnitudes of 
fault current, size of transformer, number 
of transformers, and time constant of the 


d-c component of fault current have been 


studied. In addition to the factors in- 
volving the current, the data have been 
referred to a base involving a factor which 
is called the transformer size constant. 
This size constant depends upon the 
physical construction of the transformer 
and the total secondary resistance both of 
the winding and of the burden. With this 
information the data already presented 
can be translated to apply to other trans- 
formers if the physical dimensions and the 
secondary loading are known. 

The results were recorded as reproduc- 
tions of the error current in the differen- 
tial-relay circuit versus time during pe- 
riods of large through-fault currents, and 
a portion of these results is summarized 
here as a function of the governing factors 
mentioned above, with respect to the ap- 
plication possibilities of instantaneous 
overcurrent and of time-delay overcur- 
rent relays. For other types of relays, 
such as those having harmonic restraint,‘ 
d-c restraint, percentage differential re- 
straint, and so on, it will probably be 
necessary to consider each application on 
its own merits, at least until a time when 


the response of these relays to transient 
currents of nonsinusoidal wave form can 
be specified in a more generalized form. 
Field and laboratory tests which have 
been made have shown good agreement 
with the results of the differential-an- 
alyzer study, although it has not been 
possible to cover the complete range by 
test. 


Conclusions 


From the data presented here, as well as 
from the large amount of data taken ~ 
which could not be included, the following 
conclusions may be drawn: 


1. The concept of transformer size con- 
stant has been introduced. The transient 
performance of two transformers having the 
same size constants and saturation charac- 
teristics will be practically identical when 
the primary current, in ampere turns per 
unit of core length, is the same for both. 
Of two transformers having the same size 
constant the one having the longer magnetic 
circuit will give better performance for the 
same value of primary current. 


2. Data have been obtained to show the 
calculated differential-circuit error currents, 
that appear as a result of transformer satura- 
tion, for a wide range of magnitudes of 
through-fault current, transformer size 
constant, d-c time constant of the primary 
circuit, and number of transformers in the 
group. 


3. When conventional current transformers 
are used, the magnitude of differential-error 
current with faults of ten or more times 
rated current can be from 30 per cent to 
75 per cent or larger, depending on the size, 
even at a high-voltage bus where the d-c 
time constant of the fault current may be 
only two or three cycles. 


4. From a study of the differential-error 
current curves obtained, it is apparent that 
time-delay settings of only three or four 
cycles will not insure proper operation, when 
simple time-delay relays are used for bus- 
differential protection; very much greater 
delays may be necessary. 


5. The differential-error currents are par- 
ticularly severe at a bus where the fault 
current has a very long d-c time constant. 
For these applications it is not practical to 
design conventional current transformers 
large enough to insure that they will not 
saturate at the larger values of fault current. 
Therefore, there is a definite field for the new 
air-gap current transformer recently intro- 
duced.® 


6. The form and magnitude of the dif- 


Table | 
Size Rating 
Constant Mean Second- 
Turns? Ampere-Turns Core Length Second- ary Re- " 

Trans- Inch/ per Inch Area of Core, ary sistance, 
former Ohms Type Amperes Core Length Sq In. In. Turns Ohms 
A eres MOP PAOOE + ABER 55.4 oto 45000 (Sine sreteee LOO ee ae 1530 eer. ASA Rao ade S00 scree 1.99* 
TT Bie Xe, 2 90; 0008 sey Biushings.-4,000/on eee Ove neeeees O90 BHhaGIone 45 oe SOO arse 3.40* 


* Including 1 ohm lead resistance. 
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Saturation characteristic of the 
mutual flux path 


ferential-error current depends greatly on 
the number of transformers in the group. 


Analysis of Current-Transformer 


Performance 


The performance of a current trans- 
former can be determined from the volt- 
age equation of its secondary circuit 


dy . di. 
10-8 mi tLs = (1) 


where 


y= Ned is the flux linkages of the second- 
ary due to the mutual flux 
N2=the number of secondary turns 


¢@=the number of flux lines mutpal to both 


the primary and secondary windings 
42=the secondary current in amperes 
Y2=resistance of the secondary circuit, in- 
cluding that of the burden, in ohms 
I2=secondary leakage inductance plus the 
inductance of the burden in henrys 
t=time in seconds 


Equation 1 is integrated to give 


? Te 


cael QS o 
108 N2 


108 it 


in dt F iot 
where the constant of integration is pro- 
portional to the residual flux ¢,. 

Another relation is that the magneto- 
motive force acting on the core is pro- 
portional to the primary ampere turns 
less the secondary ampere turns, or, for a 
transformer having only one turn in the 
primary ; 
hl 


Noig=th “r= (3) 


where 


z4,=primary current in amperes 
h/0.4x=magnetomotive force acting on the 
core in ampere turns per inch of 
core length 
]=mean length of core in inches 


The flux mutual to the primary and sec- 
ondary windings can be written as 


¢=AB (4) 
where 


s 
A =area of core in square inches 
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_ 8=flux density in the core in lines per square 


inch 


Upon substituting the expressions for the 
secondary current 7; and the mutual flux 
¢ of equations 3 and 4 into equation 2, 
there is obtained a general equation for 
determining the performance of a single 
transformer, including the effects of its 
burden, when the primary currentisknown. 


AB _ ots) , AL dt 
1 ee ae 
AB, 


1 hoe 
Wi\" O40) tb 10 6) 


Dividing through by the factor r2l//N,?, 
there is obtained a more convenient form, 


Iift ih 
LOS (E-L)ace, (6) 
where the factor, C= A N?/rol turns? inch + 
ohms, is defined as the transformer size 
constant. 

If the secondaries of current transform- 
ers applied to bus differential protection 
are connected in parallel, through a dif- 
ferential-relay circuit of negligible imped- 
ance, the above equations can be used to 
determine the performance of each trans- 
former separately. Furthermore, pre- 
vious work has shown that the trans- 
former errors due to the residual flux and 
to the flux associated with ZL, are small 
compared with the errors caused by the 
flux associated with R:. For a through 
fault at a bus of +1 feeders and trans- 
formers, transformer 1 carries total fault 
current and in view of the above assump- 
tions its performance is given by: 


mT of fa i) 
CB,=10 f¢ fue dt (7) 


It is further assumed that all transform- 
ers have identical size constants and satu- 
ration characteristics and that the fault 
current is equally divided between the 
other 1 transformers. The equation for 
each of the n transformers is 


=108 fe ha )a 8 
Civ We f@ 0.43 (8) 


The current through the differential-re- 
lay circuit is equal to the secondary cur- 
rent of transformer 1 less the sum of the 
secondary currents of the other m trans- 
formers. Referred to the primary this 
error current is: 


i. ie In —n ie ‘s.) (9) 
l Ll OAr nl 0.40 


h : 
-( mhin - 4.) amperes per inch of core 
length 
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Figure 2a. Symmetrical component of fault 
current equal to 269 rms amperes per inch core 
length 
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Figure 2b. Symmetrical component of fault 
current equal to 988 rms amperes per inch core 
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current equal to 1,438 rms amperes per inch 
core length 
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Figure 2d. Symmetrical component of fault 
current equal to 1,975 rms amperes per inch 
core length 
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current equal to 3,950 rms amperes per inch 
core length 


Figure 2. Error current in the differential cir- 
cuit as a function of the magnitude of through- 
fault current 


Fault current completely offset. One trans- 
former versus five. Saturation curve 1 


C=16,700 turns? inch/ohms 
T=0.265 second 
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Figure 3. Differential-error current for a 
through-fault current having a d-c component 
one-half the crest value of the a-c component 


One transformer versus five. Saturation curve 
1. Symmetrical component of fault current 
equal to 1,975 amperes per inch core length 


C=16,700 turns? inch/ohms 
T=0.265 second 


The total fault current is of the form 


2A ((c0s a)e-/T — cos (wt+a) ] 


10) 
(10) 


where 


I,/l=crest value of symmetrical component, 
amperes per inch of core length 
T =time constant of the d-c component in 


seconds 

a= determines the magnitude of the initial 
offset 

w=2af 


Equations 7-10 were solved on the 
University of Pennsylvania’s differential 
analyzer®’ to determine the error current 
in the differential-relay circuit as a func- 
tion of the magnitudes of through-fault 
current, d-c time constant, number of 
transformers, and transformer size con- 
stant. The primary current 7,/] (equa- 
tion 10), was generated by the machine 
and formed one component of the second- 
ary current. This secondary current was 
integrated to determine the mutual flux 
density 8 according to equation 8, and 6 
in turn moved an index in the 6 direction 
of the saturation curve as plotted on an 
analyzer input table. An operator manu- 
ally controlled the index in the direction of 


8 
°o 


eS 
3° 
te) 
fe) 


23944 


2000 


(2) 


DIFFERENTIAL CURRENT 
AMPS. PER INCH CORE LENGTH 


2000 TIME IN SECONDS 


Figure 4. Differential-error current for trans- 
formers having saturation characteristic 2 


Through-fault current, completely offset. Sym- 

metrical component of fault current equal to 

1,975 amperes per inch core length. One 
transformer versus five. 


C=16,700 turns? inch/ohms 
T=0.265 second 
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magnetizing force H so as to keep the in- 
dex on the saturation curve and, at the 
same time, move the exciting current 
component of the secondary current in 
proportion. The primary and exciting 
currents were added to form the inte- 
grand of equation 8. Two saturation 
characteristics were used as shown on 
Figure 1. Curve 1 is for silicon steel core 
material and was used for most of the 
cases considered. Curve 2 is for a trans- 
former in which air forms a considerable 
part of the mutual core area in parallel 
with the iron. These two curves cover an 
extreme range of saturation characteris- 
tics for conventional current transform- 
ers. For the very high degrees of satura- 
tion which cause the large errors observed, 
the effects of hysteresis are negligible, and 
were not considered in this study. Other 
studies of similar transient circuit per- 
formance with iron saturation which have 
been made have also indicated that con- 
sideration of hysteresis isnot necessary 
to explain the fundamental phenomena. 


Results 


The differential-relay error currents 
have been determined for a wide range of 
through-fault currents, transformer size, 
and d-c time constant. One set of results 
shows the error currents for the case in 
which the total through-fault current in 
one transformer is equally divided be- 
tween two other transformers. The dif- 
ferential analyzer was set up so that the 
results for the case of one transformer ver- 
sus three, one versus five, and one versus 
an infinite number, were also obtained at 
the same time. The data obtained for the 
case of one transformer versus an infinite 
number show in addition to the differen- 
tial current which might flow in this case 
the absolute error current of the trans- 
former under study. The constants for 
the bar-type current transformer, and for 
the bushing-type transformer, studied 
are tabulated in Table I. Data have also 
been obtained for very large and very 
small transformers having size constants 
C= 200,000 and C=4,170, respectively. 

The following sections describe that 
part of the data which is presented in this 
paper. The effects of variations of such 
important factors as the magnitudes of 
fault current, the d-c time constant, the 
number of transformers, and the trans- 
former size constant, are shown. 


MAGNITUDE OF FAULT CURRENT 


Figure 2 shows the error currents (re- 
ferred to the primary) as obtained with 
transformer A (Table I). The total 
through fault current in one transformer 
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Figure 56. T =0.0212 second 
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Figure 5c. 
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Figure 5d. T=0.0848 second 
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Figure 5e. T=0.1696 second 


Figure 5. Differential-error current as af- 
fected by the magnitude of the time constant 
of the d-c component of fault current 


Through-fault current, completely offset. Sa u- 

ration curve 1. Symmetrical component of 

fault current equal to 1,975 amperes per inch 
core length. One transformer versus five 


C=16,700 turns? inch/ohms 


(which will be designated as transformer 
1) is equally divided between five other 
transformers. The fault current is com- 
pletely offset and has a relatively long d-c 
time constant of T=0.265 second. The 
magnitudes of fault currents are given in 
terms of the rms value of its symmetrical 
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Figure 6. Effect of transformer size constant 


Through-fault current, completely offset. Satu- 

ration curve 1. Symmetrical component of 

fault current equal to 3,950 amperes per inch 
core length. One transformer versus five 


T = 0.0494 second 


a-c component. This value multiplied by 
2X 4/2 is equal to the maximum instan- 
taneous fault current for a completely off- 
set wave. 

For a small fault current having a sym- 
metrical component of 269 rms amperes 
per inch core length (Figure 2a) the dif- 
ferential-error current is proportional to 
the saturation ampere turns of trans- 
former 1, since the other transformers do 
not saturate when subjected to only one 
fifth of this value of total fault current. 
It is seen that several cycles are required 
for the d-c component of core flux to build 
up to the point where the saturation is 
appreciable. The error current has a 
large d-c component and the a-c compo- 
nent is primarily of fundamental fre- 
quency. 

The other curves of Figure 2 show the 
effects of larger fault currents. With 
these larger currents all the transformers 
saturate, and the differential-error cur- 
rent is equal to the saturation ampere 
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turns of transformer 1 less the sum of the 
saturation ampere turns of the other five 
transformers. As the magnitude of fault 
current is increased, the d-c component 
of core flux reaches a higher value in less 
time. That is, all the transformers lose 
their ability to transform the d-c compo- 
nent of fault current in a shorter time. 
This is demonstrated by the curves of 
Figure 2 in that the d-c component of dif- 
ferential-error current decays at a greater 
rate for the larger values of fault current. 
The wave form of a current through the 
differential relay becomes more distorted 
due to the greater degree of saturation as- 
sociated with the larger fault current. 

The maximum possible error, equal to 
the total fault current, occurs when the 
accuracy of transformer 1 collapses, and 
the others transform perfectly. Even 
with the large fault current of Figure 2e 
the maximum possible error is almost at- 
tained during the first cycle, because 
transformer 1 saturates at a much greater 
rate than the others, and its accuracy is 
destroyed before the saturation in the 
other transformers becomes appreciable. 
Another interesting fact is that the dif- 
ferential current is of relatively good 
wave form although completely or nearly 
completely offset during this period, but 
that the wave form becomes greatly dis- 
torted after the other current transform- 
ers saturate. 


SMALLER D-C Time CONSTANTS 


Error currents obtained with com- 
pletely offset fault currents having smaller 
d-c time constants are given on Figure 5. 
The transformer size constant, C= 16,700 
turns? inch/ohms, is the same as used 
before. Maximum instantaneous fault 
current, neglecting the decay of d-c com- 
ponent in the first half-cycle, is equal to 
5,590 amperes per inch core length. 
Even with the very short time constant of 
T=0.0106 second, the maximum error 
is approximately 90 per cent of the maxi- 
mum a-c component of fault current. 
The error current does disappear at a 
faster rate for the smaller d-c time con- 
stants. As a matter of interest, the 
value of rms symmetrical component of 
fault current is 12.4 times rated for the 
particular transformer listed in Table I 
as representative of this size constant. 
However, another transformer of identi- 
cal size constant might have a different 
rating. 


EFFECT OF TRANSFORMER SIZE CONSTANT 


The curves of Figure 6 give an interest- 
ing relation, showing the comparative 
results for three installations operating 
under similar conditions but having trans- 
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Figure 7a. One transformer versus two 


DIFFERENTIAL 


ZI] AMPS PER INCH 


TIME — SECONDS 
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Figure 7c. One transformer versus five 
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Figure 7d. One transformer versus an infinite 
number 


Figure 7. Differential-error current as affected 
by the number of transformers carrying fault 
current 


Through-fault current, completely offset. Satu- 
ration curve 1. Symmetrical component of 
fault current equal to 3,950 amperes per inch 
core length 
C=16,700 turns? inch/ohms 
T=0.0848 second 


formers of different size constants. Al- 
though the assumed fault current is the 
same in amperes per inch core length for 
all three cases it may not be the same in 
actual amperes or in times rated current. 
For the installation having transformers 
of smaller size constant, C=16,700, all 
six transformers become highly saturated. 
Therefore, the d-c component of error 
current decays quite rapidly, and then the 
harmonic content of the a-c component 
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Figure 8. Summary curve showing the effect 
of variations in the magnitude of the d-c time 
constant 


Through-fault current, completely offset. Satu- 

ration curve 1. Symmetrical component of 

fault current equal to 1,975 amperes per inch 
core length 


C=16,700 turns? inch/ohms 


becomes large. The maximum instan- 
taneous fault current is large for the first 
cycle or two, but the harmonic compo- 
nents of a-c error current are small during 
this time. For the larger size transform- 
ers, C=50,000, five of the transformers 
are only moderately saturated. As before 
the a-c and d-c components of error cur- 
rent are large, but the d-c component 
does not decay so rapidly, and the har- 
monic content is small. With the hypo- 
thetically large transformer installation, 
C=200,000, the error current is small 
only because the fault current is of suffi- 
ciently low value such that none of the 
transformers is appreciably saturated. 
Figure 6a is compared with Figure 5c 
to show the effect of doubling the fault 
current when the d-c time constant is T= 
0.0424 second, and the transformer 
size constant is C=16,700 turns? inch/ 
ohms. The maximum error current is 
slightly more than doubled. Again, the 
higher degree of saturation obtained in 
the other five transformers with the larger 
fault current causes the d-c component of 
error current to decay more rapidly, and 
the harmonic content becomes greater. 
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Figure 9. Maximum rms error current over one- 
cycle interval as a function of the magnitude 
of fault current and of the d-c time constant 


Through-fault current, completely offset. Satu- 
ration curve 1 


C=16,700 turns? inch/ohms 
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Figure 10. Rms a-c component of error cur- 

rent over 12-cycle interval as a function of the 

magnitude of fault current and of the d-c time 
- constant 


Through-fault current, completely offset. Satu- 
ration curve 1 


C=16,700 turns? inch/ohms 


Figure 13 shows the maximum differ- 
ential-error currents (rms for one cycle) 
for a range of fault current and trans- 
former size. The effect of variation in the 
saturation characteristic is also shown for 
one size (Curves C and C’). All of the 
error currents are large except for the 
largest transformer size with rather small 
fault currents. 


DIFFERENT NUMBERS OF TRANSFORMERS 


Most of the data presented above 
were for a condition of one transformer 
versus five. Figure 7 shows the error cur- 
rents for one transformer versus two, one 
versus three, one versus five, and one 
versus aninfinite number. The results are 
all for the transformer size constant C= 
16,700 and a reasonably small d-c time 
constant of T=0.0848 second. The rms 
symmetrical component of fault current, 
3,950 amperes per inch core length, is 
quite large being 24.7 times normal for 
the typical transformer of this size con- 
stant as listed in Table I. For one trans- 
former versus two, all transformers are 
highly saturated. As the number of 
transformers is increased, the saturation 
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Figure 11. Maximum rms error current over 

one-cycle interval as a function of the mag- 

nitude of fault current and of the d-c time 
constant 


Through-fault current, completely offset. Satu- 
ration curve 1 


C=50,000 turns? inch/ohms 
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Figure 12. Rms a-c component of error cur- 

rent over 12-cycle interval as a function of the 

magnitude of fault current and of the d-c time 
constant 


Through-fault current, completely offset. Satu- 
ration curve 1 


C=50,000 turns? inch/ohms 


in all except transformer 1 becomes less, 
and the harmonic component of error 
current decreases. For the case of one 
transformer versus an infinite number 
(which is the same as one versus a perfect 
transformer), the a-c and d-c components 
are both large, the d-c component decays 
slowly, and the harmonics are very small. 

Figure 7c, as compared to Figure 5d, 
again shows the effect of doubling the 
fault current for a transformer size con- 
stant C=16,700, one transformer versus 
five, but with a d-c time constant of 
0.0848 second. 

Figures 6a, 7c, and 2e show the effects 
of different d-c time constants in the same 
manner as the curves of Figure 5, and 
under the same conditions except for a 
larger fault current. 


DEGREE OF OFFSET 


The error current of Figure 3 is for the 
same conditions as Figure 2d except that 
the d-c offset is only one half. The sym- 
metrical component of fault current is the 
same in the two cases, but the maximum 
instantaneous fault current (and maxi- 
mum possible error current) is 4,193 am- 
peres per inch core length for Figure 3 as 
compared to 5,590 for Figure 2d. Al- 
though the magnitudes of the a-c and d-c 
components of error current are appre- 
ciably smaller, the d-c component decays 
at a slower rate because of less saturation. 
The percentage harmonic content ap- 
pears to be about the same. 


SATURATION CHARACTERISTIC 


Figure 4 is also for the same conditions 
as Figure 2d, except that the transformers 
were assumed to have saturation char- 
acteristic 2, Figure 1. The maximum 
error currents are about the same, but 
the a-c component is somewhat smaller, 
particularly after the first two cycles. 
In general, the conclusions arrived at 
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other Weenahticn curves obtainable with 
« conventional current transformers. 


) ‘The character of the differential-relay 


current varies widely depending upon the 
size constant and number of transformers 
involved, and upon the magnitude of the 
au ult current and its d-c time constant. 
] or this reason it is difficult to summa- 


Recilts can be plotted in a form which 
will serve to indicate the expected per- 
formance of either instantaneous or time- 
delay relays. For instance, Figure 8 sum- 
marizes the effect of variation of the d-c 
time constant for the transformer size C= 
16,700 for fully offset through current 
aving a symmetrical rms component of 
,975 amperes per inch core length. The 
s value of the completely offset wave is 
erefore equal to +/3X1,975. The 
maximum rms differential-error current 
over a one-cycle interval can be taken as a 
Becasure of the current which determines 
the operation of an instantaneous relay. 
The rms a-c component of error current 
over the 12 cycles interval that gives the 
largest value is taken as a measure of the 
current that would determine the opera- 
tion of an induction-type time-delay relay 
with the time setting of approximately 0.2 
second. The curves were plotted for one 
transformer versus two and for one trans- 


former versus an infinite number thus 
covering the entire expected range of 


operation. The data taken from Figure 
5, for one transformer versus five, would 
lie between the two plotted curves. 
Figure 9 gives more complete data for 
the instantaneous error currents of the 
same size transformer. The effects of the 
magnitude of fault current over a wide 
range are shown for three different values 
of d-c time constant. The fault current in 
rms amperes per inch core length is per- 
fectly general. The times-rated current 
applies only to the particular transformer 
selected as representative of this size con- 
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Figure 13. Differential-error current (rms over 
one cycle) 


One transformer versus three. Through fault— 
fully offset. D-c time constant =0.265 second 


Curve A—Saturation characteristic 1, C= 


200,000 turns? inches/ohms 
B—Saturation characteristic 1, 
50,000 turns? inches/ohms 
C—Saturation characteristic 1, 
16,670 turns? inches/ohms 


C’—Saturation characteristic 2, C= 
16,670 turns? inches/ohms 


Curve 


C= 
Curve 


C= 


Curve 


Curve D—Saturation characteristic 1, C= 
4,170 turns? inches/ohms 
Curve E—Current for 100 per cent error 


stant C=16,700. It is seen that the er- 
ror current is small only in a range of very 
small d-c time constant and reasonably 
small fault current. Likewise, Figure 10 
gives similar data applicable to time-de- 
lay relays. The time delay is quite ef- 
fective for the smaller d-c time constants. 

The data of Figures 11 and 12 are simi- 
lar to that of Figures 9 and 10, except 
that they are for the larger transformer 
size constant C=50,000 turns? inch/ 
ohms. The times-rated fault current ap- 
plies only to the particular transformer 
listed in Table I. The advantages of us- 
ing larger transformers are apparent. 

Admittedly this summary is not per- 
fectly accurate and may not be the cor- 
rect measure for determining the response 
of these relays. It is valuable as being 
indicative of definite trends. 

For the high-speed relays that depend 
upon percentage, harmonic, or d-c re- 
straint for proper operation, the analysis 
is more complicated. Their characteris- 
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tics are such that each application re- 
quires special consideration and the ac- 
cumulated data are valuable as a basis 


for selecting the proper relay characteris- 
tics, 


Arr-GAp-CorE CURRENT TRANSFORMERS 


The ideal solution of using current 
transformers large enough to insure al- 
most perfect accuracy up to the maximum 
value of through-fault current is not prac- 
tical because of the excessive size and cost. 
A new current transformer, as described 
by Kennedy and Sinks,’ has been de- 
veloped for high-speed bus-differential 
protection. This transformer, which has 
air gaps in the mutual flux path, has con- 
stant ratio and phase-angle errors up to 
the point where the iron paths saturate. 
By selecting transformers that maintain 
a linear characteristic up to the maximum 
value of fault current, the a-c component 
of primary current is always reproduced 
with the same degree of accuracy. Very 
little of the d-c component is transformed, 
but this is not required for differential 
protection. Simple overcurrent relays 
can be used since differential-error cur- 
rents appear only because of improper 
matching of the linear characteristics. 
The size and cost is not much greater than 
that of the standard current transformers 
ordinarily used. 
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The Doubly Fed Machine 


C. CONCORDIA 


MEMBER AIEE 


YNCHRONOUS machines, operating 
with a-c excitation on both stator 
and rotor are used in many applications, 
for example, as induction frequency con- 
verters, as power and instrument Selsyn 
drives, and as variable speed power drives. 
Reference 1 has mentioned particularly 
the variable speed fan drive, and pre- 
sented equations for the small oscillations 
of one such doubly fed machine. Refer- 
ence 2 has also previously given the equa- 
tions of hunting of the doubly fed ma- 
chine (part XIV, section IV) in connec- 
tion with the general study of oscillations 
of rotating machines. However, since the 
present authors have been using in their 
own work equations which seem to them 
to be more convenient and simpler in 
form for calculations, and since it now 
seems desirable to present not only gen- 
eral equations but also some of the more 
fundamental and significant performance 
characteristics of these machines, it is 
thought that this paper may now be 
appropriate. The form of the equations 
developed possesses the additional novelty 
of facilitating the setting up of equivalent 
circuits for hunting on the a-c network 
analyzer, and allowing the quick deter- 
mination of the damping and synchro- 
nizing torques directly by wattmeter 
readings. 


In this paper there are presented: 


1. A general analysis of the doubly fed 
machine, in a form believed to be particu- 
larly convenient for the study of rotor 
hunting and for the interconnection of two 
or more machines. 


2. An example showing the transient elec- 
trical characteristics under three-phase 
short circuit. 


3. Examples showing the characteristic 
damping and synchronizing torques during 
hunting at various speeds and loads. 


4. Equivalent electrical circuits for hunt- 
ing which have been found to be of con- 
siderable help in the determination of the 
machine performance during small oscilla- 
tions by means of the a-c network analyzer. 


Paper 42-4, recommended by the AIEE committee 
on electrical machinery, for presentation at the 
AIEE winter convention, New York, N. Y., 
January 26-30, 1942. Manuscript submitted 
October 6, 1941; made available for printing 
October 28, 1941. 


C,. Concorpra and S. B. Crary are in the central 
station engineering department and GaABRIBL 
Kon is consulting engineer with General Electric 
Company, Schenectady, N. Y. 
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Results 


1. The general equations are derived 
in appendix I and are summarized i 
equations 14, 23, and 24. Attention is 
called particularly to the compact deriva- 
tion and the simplicity of the final equa- 
tions made possible by the simultaneous 
use of complex variables in the general 
transient analysis and also a complex 
angular variation. 

2. Equations- 26, 27, 29, and 30, 
appendix II, give the transient three- 
phase short-circuit currents of a doubly 
fed machine or induction frequency con- 
verter. It is of interest here that 


(a), The steady-state short-circuit cur- 
rents are determined principally by the 
short-circuit or transient reactance. 


(b). The d-c component is of the same 
form as that for short circuit of a syn- 
chronous machine. 


(c). There is no transient component of 
fundamental frequency short-circuit cur- 
rent, such as would be observed in a syn- 
chronous machine; instead, the corre- 
sponding transient current is of rotor speed 
frequency and is moreover very small. 


3. Figures 1, 2, and 3 show curves of 
damping and synchronizing torques for 
the hunting of a particular doubly fed 
motor. Some of the curves were calcu- 
lated and some measured on the network 
analyzer, using the equivalent circuits of 
appendix IV. The damping torque is 
seen to be negative up to very small slips, 
and indeed becomes most negative at a 
slip somewhat greater than the frequency 
of hunting. It is evident that, because of 
the inherent negative damping charac- 


teristic of these machines, either load 
damping must be depended upon, or 
special precautions must be taken, if 
stable operation is to be obtained. 


4. Figure 3 shows the equivalent cir- 
cuits and a tabulation of the direct power 
and reactive kva measurements which 
determine the damping and synchronizing 
torque coefficients during hunting. The 
circuits are derived in a companion paper 
“Equivalent Circuits for the Hunting of 
Electrical Machinery’? by one of the 
authors. 
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Appendix |. Derivation of 
Transient and Hunting Equations 


(a). The equations of a two-phase ro- 
tating machine (see Figure 4, and see also 
reference 4, equations 10 and 11, for the 
relations between these two phase quantities 
and the usual three-phase machine quanti- 
ties) referred to axes connected to the stator 
and rotor, are: 


ate + Wes ar=tit + phar 
Sn ? “+ Dos gr =P t+ pba, 
or, 
e=R-i+py (1) 


where the flux-linkage vector is ~y=L-i. 
In a machine with smooth air gap the self 
and mutual inductances are: 


|  M cos 6 
= ee M sin 45 
M cos ¢ io | M sin 0, (2) 
—M sin 6, | M cos 6 
where @; is the angle of the machine rotor. Hence the equations are e=Z-t, where 
Z=R+DL, or 
as 6, d, q; 
a, rstLsp PM cos 6 — pM sin 6, 
z= b, t : rs+Lsp PM sin 6 PM cos 6, 
d,| pMcos@ | pM sin & r+Lip _ 
q; —pM sin 0 | PM cos 4% rr+L yp 


(b). Multiply the second and fourth of equations 3 by 7 and add them to the first 
and third respectively, to obtain a new set of equations 
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(4) 


(5) 


iM 4 j= a (6) 
iM 4717 = 7" 


tas tjJers=es 
ar +Jeqr = er 
Hence the four equations with real coeffi- 
cients may be expressed as two equations 
ith complex coefficients. These equations 
check with reference 2, page 74, equation 23. 
(For the process see reference 2, page 147.) 


Torque 


(a), The electromagnetic torque upon 
the rotor of an electrical machine is 


a7 .=i* "Wort War (7) 
‘If i 4737 =i,, and Yartjver=Wr, then 

T,=real part of [(i"”—ji”)(—j) (Yar tiver)] 
Bi =i" B, (8) 
_where 7’* is the conjugate of # and B,= 


—jy,=flux-density wave of the rotor. Then 
from equation 5, 


‘ *, 

r= Me-?P +17", (9) 

_ Therefore, for a smooth machine: 
_ T.=real part of (—j Me~*#i'7"*) (10) 

: 


(b). The same expression for the torque 
_ may also be found from the relation:? 


T=real part of i*-B=i*-G,:i 


where the torque tensor is 


(11) 


Transformation to Axes on Stator Flux 


The stator flux rotates with a velocity 
p60, with respect to the stator (Figure 5) and 
the rotor flux rotates with p06; with respect 
to the rotor. The rofor itself rotates with 
p62. Hence the applied voltages are: 


e,=E,€ and e,=E,e% (12) 
Let two new axes s’ and r’ be introduced, 
both rotating with the stator flux. That is, 
let 
=i 
SPs gr big 182 — eG — 02) 
s! r’ (13) 


| e (0:—82) 


By C,*-Z-C (where the p in Z refers to C 
but not to C;*), C,*-G-C, and C,*-e, or by 
Z'=C,*-Z-C+C,*-L- pc 
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M(p+jp61) 


rr+Lr[p+i (pO; — pb2)| ee 


5 = 02+ 03— 


Or, writing out the equations 


re+Ls(b+jp0s)]i" + M(p+jpa)i” = Ey 
M (b+ (P01— p62) ]i* + 
{ rr+L, [p+j (pA ia 62) } i” oo E,* (15) 


Torque = real of (—jMi*/i""") 
where 
Ey=ji"M\p=jE, E,=ji'*Myp0y=jsE, 
Steady State 

In the steady state p=0, pQi=w, p03;= 


pii—pb.=sw, and wlL=X. Equation 15 
then becomes: 


Ties, o 
r! 
‘ - (16) 
“ Ss jE, 
oi r’ | jsEse*° 
ISLL3€ 


The steady-state currents 7° and 7’ required 
in the hunting equations of the next section, 
as well as the steady-state torque-angle 
characteristic, can be calculated from equa- 


rstLs(p+jphr) M(p+jph:) 


Z’ =r |M[pti(p61—p%)] rr +L, [P+i(po— p62)]| —j(Mi' +L a) p+sEse” 


(14) 


applied voltages and the angle may be 
assigned. Then either equation 16, or 
more simply the equivalent circuit shown 
later, can be used to calculate 8, 77 and E;. 


Hunting Equations—Small Changes in 
the Complex Variables 


(a). In setting up the equations of 
hunting of polyphase machines, two differ- 
ent methods may be followed: 


1, The polyphase complex equations are first 
changed to real equations and the latter are sub- 
jected to small changes in the variables. 


2. The polyphase equations are left unchanged 
in complex form and are subjected to small changes 
in the complex variables. 


The second method will be followed in 
this paper, as it is a more compact analytical 
procedure, 


(b). Let p0,.=p6o9-+ Ap6: and so forth; 
then equation 15 or 14 with the use of the 
compound tensor (reference 2, page 116, 
equation 32), 


(18) 


(19) 


6 7Mi"* | —jMi** 


where the real part of the last row is — AT,. 


Steady Hunting 


During steady hunting let p=khw, where / is the per unit oscillation frequency and k 


plays the same role as 7. 


That is k2=—1, but kj cannot be combined. Then equations 


19 become: 
s Y, 6 
s rst X (kh+j)) X m(kh+7) 
Z’=r| Xp(kh+js) |r-+X,(kh+js) —j(Xmi +X t)\kh+sExe” (20) 
6] jXmir* yh eee 
; or, writing the equations out: 
tion 16. In terms of the applied voltages, 
the currents are: [rst+Xs(kh+j)] Ai +X m(RA+7) At” =0 
thee oe 5 ee Xm(kh+]s) Ad? + [r,-+X(kh+js)] Ad’ = 
jn” 45X48 mise GRU(X pi +X i) AO, — s Exe” AO,— 
v= Ge AP ALIN bp = AT (21) 


co tita( 45%, bw 
Drs +iX Ese? +X mE 


(rstjX s) (24x, ) 4X0! 


1= 


However, in many cases the stator voltage, 
current, and power factor, instead of both 
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where 


s=1—v= per unit rotor average slip 
6=0.+63;— 4) 


Only the real part of the last equation (AT) 
is taken. 

In calculating AT, first the 7 component 
is discarded as usttal after rationalization 
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E,*E3 ,h= 0.04 «0 


@ 
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Figure 2 (right). 
Damping- and syn- 
chronizing - torque 
coefficients of a 
typical doubly fed 


Ol 02 "ROTOR ~ SPEED - PER RUNIT 


PER UNIT TORQUE 
2) 


Ts* SYNCHRONIZING TORQUE COEFFICIENT 
Td = DAMPING TORQUE COEFFICIENT 
(PER UNIT) 


Figure 1. Damping- and synchronizing-torque 
coefficients of a typical doubly fed machine 
at no load 


so that AT is expressed in terms of & only 
(and not j). Then the k—s in the de- 
nominator are rationalized, so that the 
synchronizing and damping torque coeffi- 
cients are given by: 


AT=Ts+khAT p (22) 


Two separate symbols 7 and k are used in 
this procedure, in order to distinguish be- 
tween the complex numbers introduced by 
the original use of the complex j currents, 
voltages, and fluxes as variables, and the 
further complex k numbers introduced by 
the use of the complex (exponential) rotor 
angular variation. It may readily be shown 
that at any stage one may revert to real 
transient voltage equations and have only 
the complex numbers due to the complex 
angular variation. 


Eliminating Ais 
If the row and column of s is eliminated 


from equation 20, or the stator current 
change Az‘ is eliminated from 21, then 


(2S aA 
mae Eig iaiealel ote icletel 
Sa Se 
i 
Ral 


Tee 


machine 


Effect of oscillation 


PER UNIT TORQUE 


a 

HM frequency and &=.4 
bidet power factor. Load 
reveal torque proportional -8 
ase to speed squared 


change of the doubly fed machine. Also, if 
the rotor impressed voltage EF; is zero, the 
equations apply to the small oscillations of 
a standard polyphase induction motor. 


Three-Phase Shor 
Circuit 


Appendix Il. 


In order to illustrate the characteristics of 
the doubly fed machine under transient 
conditions, three-phase short circuits on 
both stator and rotor in turn, neglecting 
initial loading, will be considered. 


(a). Stator Short Circuit 

Applying, by superposition, a stator 
voltage E;, to equations 14 or 15, we obtain 
for the stator three-phase short-circuit cur- 
rent the operational expression: 
i= 


E; 
25 
M?(p+ju)(p+jws) t (25) 
rr-+L,(p +jws) 


rs+Ls(p+jor) — ‘ 


r 6 
goat [etre SHRAX$ISX," —khrs"))_ RMB, + sEse* (23) 
6 SB retixe) 

where 

" £ where «, we, w3 are the constant stator fre- 
Be=—j(Xmi +X) = —-j, quency, rotor speed, and rotor frequency, 

t respectively. 

rite rsXm Taking for simplicity the stator resistance 

D' r;=0, this current may be written as: 

Xan? rs 
X,"=X;— a (1—h?) —khr,” v= efot 
Eye Ee 
D! = (rs-+kAX,)2+X2 ; E jeosM? | [z , jo 
Ww) a hy ees wW ah gee 
If again the rotor current Az’ (row and 4 tr +jwsLy Pleat 1r—jwoL, 
column of r in equation 23) is eliminated, 
then the final equation for the torque change 1,(Lp—L,')Es€ L Trt ten 
nee ; 26 
1S: Ls(jw2rLl,! —1,)(GusLr’+1;) ( ) 
AT = real of M? 
where L,'=L,—7— = transient inductance 
s 


| eee 
rrtrs"S+RAX,” +7 (sX,"—khrs") 
(24) 


The phrase ‘‘real’’ and the asterisk (the 
conjugate symbol) refer to 7 and not to k. 
Both r;” and X,” are independent of the 
slip. First the ks are treated as algebraic 
symbols and the js are eliminated. After- 
ward the ks are treated as the complex 
operator'k (where k?=—1). After rational- 
izing, equation 22 holds for the torque 
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viewed from the rotor terminals, 

If the stator resistance 7; is considered, 
but rotor resistance 7,=0, the short-circuit 
current becomes: 


$ — je* 101 Bs ( cin “174 ) 27 
Je} ——_——_| ¢#1'_¢ a 
rstjoiLs’ Sab 
where 
M? 
L;'=Ls— a wiLs =a 
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Cees 
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SYNCHRONIZING TORQUE COEFFICIENT 
Tq = DAMPING TORQUE COEFFICIENT 
( PER UNIT) 


» 
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mapesea ih 
ee 724 
al 


In general, there are three components of 
current, stator fundamental frequency (1), 
speed frequency (w:), and direct current. 
Note that with zere rotor resistance the 
speed frequency term disappears, leaving 
only the fundamental and d-c components 
in equation 27, The “d-c component” de- 
cays exponentially to zero, just as in case 
of a synchronous machine short circuit, but 
the usual transient component of alter- 
nating current is replaced by the speed 
frequency term. 


FULL LOAD © 


(b). Rotor Short Circuit 

Similarly applying a rotor voltage E, in 
equations 14 or 15, the rotor short-circuit 
current becomes: 


v= 


E, 
; M?(p+jws)(p+jo1) \ 
rt L(pt -{ ee 
d P Fes) rst+Ls(p+jor) 
(28) 
Whence, with rrotor =0 
Ve qT civst — 
E,é°# E; 
; jor M? ] [ | junM? | 
LS 1 aa 
jf tstjorLs be 3 rstjwrols 
Ys 
1 (Li LR eels oa ey 


L,(rst+jwrLs’) (rs +jorLs’) 


and with rstator =0, but rrotor ~0, 


id 
(ae ee 


The three components of current are 
again the fundamental (w3), d-c, and speed 
frequency (w.) components, but now the 
presence of the speed frequency term de- 
pends on the stator resistance, and the d-c 
decrement depends on the rotor resistance. 

In case of an induction frequency con- 
verter connected between two parts of a 
power system, it is evident that the con- 
verter may be approximately represented 
simply as a reactance (the machine short- 
circuit reactance). Since E,/E,=w;/w, and 
L;'=L,’ on a one-to-one turn ratio basis, 
the rotor and stator short-circuit currents 
will be nearly equal in amperes, and will 
also be equal in per unit if the kva base is 
taken proportional to the frequency of the 
current being considered. Thus in a net- 
work diagram involving a 25 by 60 cycle 
converter, all the 25-cycle system reactances 
may be expressed on a kva base 25 by 60 


Er 
1, +josL,’ 


=i’ ot — 
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—P.F.=1.0, h=0.04,DOUBLE STATOR RES. 
-----P F =1.0,h=0.04,D0UBLE ROTOR RES, 
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Tp: DAMPING TORQUE COEFFI 
OPER UNIT) cee 


Sa Figure 4. Machine 
with axes fixed in 
stator and rotor 


if 
/ "a 
8a : 
| : | 
24-9 
Tq 
Figure 5. Machine 
with rotating refer- 
ence axes 


times as great as that for the 60-cycle 
system, to obtain a common diagram suit- 
able for short circuit calculations on either 
part of the system. 


Appendix Ill. Damping and 
Synchronizing Torque—Example 


Several more or less typical curves of 
damping and synchronizing torque coeffi- 
cients as a function of rotor speed are shown 
in Figures 1, 2, and 3. The machine of 
Figure 1 has all reactances and the stator 
resistance about twice as great as those of 
Figure 2, so that with an appropriate change 
of scale the effect of a change in rotor re- 
sistance may be estimated. Figure 2 shows 
the rather slight effect of a change of stator 
terminal power factor, and also the effect 
of oscillation frequency / in shifting the 
point at which maximum negative damping 
occurs. Figure 3 shows, for the machine of 
Figure 2 with an oscillation frequency of 
4=0.04, the effects of doubling the stator 
and rotor resistances in turn, and also the 
effect of a greatly increased rotor leakage 
(or added external) reactance. 
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Figure 3. Damping- and syn- 
chronizing-torque coefficients 
of atypical doubly fed machine 


Effect of change in stator and 
rotor resistance and in rotor 
reactance in machine of Figure 2 
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Appendix IV. Equivalent 
Circuits for Hunting 


Figure 6 gives equivalent circuits’ which 
represent the doubly fed machine during 
rotor hunting as well as in the steady state. 
In using these equivalent circuits as set up 
on the a-c network analyzer, the required 
voltages are first read from the steady-state 
(upper) circuit and used as indicated to 
compute the voltages to be applied in the 
hunting (lower) circuit. The total steady- 
state torque as well as the components of 
the synchronizing (T;) and damping (Ty) 
torque coefficients may then be read directly 
on a watt and reactive voltampere meter, 
according to the table of formulas shown 
under the circuits. Note that the formulas 
are based on the use of a watt- and varmeter 
which reads e*z to form the complex expres- 
sion W+jQ, where W is the wattmeter 
reading, and Q is the varmeter reading, both 
here and in Figure 6. As asimple example, 
consider a single generator supplying a re- 
active load unit. If generated voltage and 
current flowing out of the generator are 
measured, the watts will be positive and the 
vars will be negative. 

The equivalent circuits are based on the 
stationary axes equations given previously 
by one of the authors in reference 2, page 
146, rather than on the rotating axes equa- 
tions derived in the paper. The reason for 
this is that the rotating axes formulas are 
simpler for hand calculations, while the 
stationary axes equations are simpler for 
equivalent circuit representation. The use 
of rotating axes leads to d-c steady-state 
quantities, so that only hunting frequency 
terms arise during the entire calculation of 
either the current or torque changes, while 
with stationary axes the steady-state quan- 
tities are of fundamental frequency, and 
fundamental plus hunting and fundamental 
minus hunting frequency currents and volt- 
age changes must be separately considered. 
On the other hand, the rotating axis equa- 
tions require four separate equivalent cir- 
cuits (with two meshes each) in place of 
three, It should be remarked that in gen- 
eral the choice of proper reference axes is 
very important if the simplest method of 
solution is to be had, and that the best axes 
depend on not only the apparatus being 
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A 
A—Steady-state network 
IE*=W+jQ 
T=W 
fe tr 
14h ee ce 
(h) - j(se-hE) 
sth 


_ J(se+h) 
s-h 
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B—Hunting-frequency networks 
IAE,*= WitjQu 
AhE*= W2+jQz2 
[AE,* = W3+jQs 
AhE* = WitjQs 


T= Wit Wot Wat Ws 
; Q 
T _ (Q.+Q3)—(Qi+ Qi) 
Ph tel Bash AE Awd Sah 
Oh 
24-6¢ 
_d(se-he) 
hoy 


(se+hE) 


oe 


ania Slt 
s-h I-h 


C—Hunting-frequency networks to simplify 
measurement of Tp 
[AEw* = W,+jQ, 
AlwE* = W,+jQ, 

Q,—- Qa 


Polar 


Figure 6. Equivalent circuits for determina- 
tion of steady-state and hunting torques 


analyzed, but also on the aspect or particu- 
lar problem being considered and on the 
method of solution to be used (that is, hand 
or network analyzer). 
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Faaivalent Circuits for the Hunting of 


Electrical Machinery 


GABRIEL KRON 


ASSOCIATE AIEE 


Synopsis: A general method is given to 
establish equivalent circuits for the deter- 
mination of the hunting characteristics— 
such as damping and _ synchronizing 
torques—of standard types of electrical ma- 
chines. The method is illustrated by setting 
up steady-state and hunting equivalent cir- 
cuits for the salient-pole synchronous ma- 
chine having amortisseur windings and for 
the doubly fed single-phase Selsyn with un- 
balanced windings, special cases of which are 
the capacitor motor and doubly fed poly- 
phase motor. A companion paper, ‘“‘The 
Doubly Fed Machine,” contains a detailed 
study of the characteristics of one of the 
equivalent circuits as measured on the a-c 
network analyzer. 


NTIL recently the study of damping 

torque has been confined to syn- 
chronous machines and rotary converters. 
Operation of these machines without 
hunting has been obtained by the use of 
properly designed amortisseur or pole- 
face windings. 

Now, however, a large number of sys- 
tems of rotating machines are being put 
into use, in which altogether new and 
critical problems of hunting occur. In a 
number of cases, such as power Selsyn 
systems, and variable speed wind tunnel 
drives, exact and thorough going analysis 
of the hunting possibilities has been 
necessary before satisfactory operation 
could be secured. The purpose of this 
paper, therefore, is to present methods 
for more complete and ready analysis of 
these modern systems of interconnected 
rotating apparatus, so that hunting dif- 
ficulties can be predicted and provided 
for in advance of installation. 

The determination of the damping and 
synchronizing torques with standard 
methods involves an inordinate amount of 
analysis and calculation. The following 
equivalent circuits not only offer a clear 
physical picture of the interrelated 
phenomena taking place during small 
oscillations, but also enable one to get a 
quick numerical answer, either by the use 
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on electrical machinery, for presentation at the 
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January 26-30, 1942. Manuscript submitted 
October 6, 1941; made available for printing 
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of the a-c network analyzer, or by stand- 
ard circuit methods. 

The only practical equivalent circuits 
hitherto available were those of induction 
machines having symmetrical windings 
and running at a constant speed.'? 
Recently steady-state equivalent circuits 
have been established for machines with 
asymmetrical windings, such as the ca- 
pacitor motor,‘ also for machines with 
asymmetrical magnetic structure such as 
the salient-pole synchronous machine.° 
The extension in this paper from steady- 
state to hunting performance involves 
chiefly the application of a more complex 
voltage expression upon the network, and 
not any significant change in the network 
itself. 

By a practical equivalent circuit is 
understood here one that allows the deter- 
mination of not only the currents flowing 
and voltages appearing in every winding 
of the machine, but also the torques, as the 
speed or angle varies. The circuit must 
also allow the approximate consideration 
of the effect of saturation and iron loss. 


Results 


The equivalent circuits of the salient- 
pole alternator of Figure 1 and the neces- 
sary measurements to be made are shown 
in Figure 2, while those of the doubly fed 
single-phase Selsyn of Figure 3 are shown 
in Figure 4. Similar networks and meas- 
urements of other standard machines are 
shown on Figures 5 to 9. A detailed 
study of Figure 8 is undertaken in a 
companion paper, ‘“The Doubly Fed Ma- 


Figure 1. Reference axes 
and constants of the synchro- 
nous machine 


(a) Reference axes 


(6) Mutual and leakage re- 


actances 
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Keer 
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self-reactances 
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chine,” showing numerous performance 
curves measured on the a-c network 
analyzer. 

In all these equivalent circuits it 
should be noted that: 


1. All equivalent circuits consist of a posi- 
tive and a negative sequence network. 


2. The asymmetry in the direct and quad- 
rature axis windings appears as a single 
mutual impedance between the positive and 
the negative sequence network. 


3. The asymmetry in the magnetic struc- 


ture (the saliency) appears as a single mutual — 


impedance, not only between the sequence 
networks, but also between the stator and 
rotor windings as well. 


Also it should be noted that: 


1. The hunting networks are the same 
as the steady-state networks, except that 
the resistances are divided by different con- 
stants. 


2. Where two hunting networks are needed 
in place of one, the second differs from the 
first only in having the frequency of hunting 
h replaced by —A. 


3. All impressed voltages on the hunting 
networks are measured off the steady-state 
network. 


4. The steady-state torques and also the 
damping and synchronizing torques are 
measured directly by a wattmeter. 


A Principle to Establish 
Models for Physical Systems 


In setting up steady-state and hunting 
equivalent circuits for the various types 
of machines in a systematic manner, it has 
been found, as was to be expected, that 
only such collection of terms in the equa- 
tions could be physically reconstructed 
or measured by instruments that formed 
a tensor. Geometric objects and other 
nontensor invariants could not be physi- 
cally represented. Vice versa, it was also 
found that an equivalent circuit always 
gave a set of equations that formed a 
tensor equation. 

It can be stated as an engineering prin- 
ciple that: A set of equations expressing 
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he performance of a AREA system (be 
it electrical, mechanical, thermal, or any 
other system) may be represented by a 
model (equivalent circuit)only if the equa- 
tions are tensor equations. That is, 
only tensors have physical existence, and 
only tensors can be measured. Vice 
versa, measurable physical entities al- 
ways appear in the mathematical analysis 
as tensors. 
This principle is only a consequence of 
previous statements that to explain the 
behavior of a physical system in terms of 
actually existing measurable physical 
_ entities, the system must be analyzed in 
terms of tensors. The equations of per- 
: formance of simpler systems, such as 
stationary networks, automatically come 
out in a tensor form, whether they are so 
_ recognized or not, but that is not the case 
in more complex phenomena, such as the 
hunting of rotating machines. Tensors 
appear automatically only in special 
_ cases, while in others measurable concepts 
must be introduced either by experience 
_or by the methods of tensor analysis. 


+ Appendix I. Rules to Establish 
Equivalent Networks 


The Determination of Torque 
on a Network 


(a). When the rotor of an electrical ma- 
chine rotates, at any one instant, four volt- 
ages appear in each of its windings (if all 
reference axes rotate with the same speed, 
including zero speed) 


e=R-i+p¢+ poB la= 
e=R-i+pL-i+psG:i e— 


j(hEg+ver ) 


3)Xad 
hev ~ 


Iq Sk) 


j(DEp+ ven) 
h-v 
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Rapi?+poat poBa 
Rapi®+pLlagi®+ poGz ai® 


i/E,* = Ww’ 
iP Ey* —= Ww" 


PE = W,+jQ,; 


PAE,* oy W,+jQ2 


(a) (left) Steady-state network 


where 


e=impressed voltages 
R-i=resistance drops 
pé=induced voltages 
p0B = voltage generated by cutting the rotor 
flux-density wave B 


The instantaneous torque on the rotor is the 
real part of 


T=i*-B=i*.G.i | T=itBz=i%Gzgr? (2) 


(b). The voltage equation 1 may be writ- 
ten 


e=Z-i | eg=Zapi® (3) 


where the transient impedance tensor is 
defined as 


Z=R+Lp+poG | 


In rotating machinery G, hence Z is asym- 
metrical, 

If the impedance tensor Z is symmetrical 
it is often possible to establish a stationary 
network whose performance is also e=Z-i. 
In all standard electrical machines it is pos- 
sible to introduce a transformation C that 
changes the asymmetrical Z to a sym- 
metrical Z’, thereby allowing the establish- 
ment of an equivalent network. 

The selection of the form of C depends on 
the desired reference frame to be employed 
and the desired form of the equivalent cir- 
cuit. Hence Cis different for different types 
of machines and interconnected systems. 


(c). Since the equivalent network—when 
found with the aid of C—corresponds to the 
equation of voltage 1 all the individual volt- 
ages R-t or p9B can be found on the net- 
work. Hence on all equivalent networks the 
rotor flux-density vector B appears as a 
set of differences of potential E (to a suit- 
able scale) and can be easily traced on the 
network by reading the components of G-i. 


T=W'+w" 


AVE = Ws+jQ, 
APE,* = WitjQ, 
T= Wit Wat Wat Ws 
(Q3+OQ.)—(Qi+ Q2) 
ea al 


(c) Torque formulas 


Taq— "kd 


Figure 2. The sali- 
ent-pole synchronous 
machine on_ infinite 


bus 
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The torque then is given (in synchronous 
watts) by the wattmeter readings 
Torque = 7 =real part of i*B=i*-E (5) 
where 


E=G:i (6) 
It has to be remembered that: 


1, If in a product i and E are of different fre- 
quencies, then iZ* is divided by two, giving the 
peak of the oscillating torque. 


2. If both i and E are of the same frequency (in- 
cluding zero frequency) or if only one of them is of 
zero frequency, then i£* is not divided by two. 


The Equations of Small Displacements 


(a). When the rotor oscillates for any 
cause, 8 becomes 09+ AO, i becomes tp+ Ai, 


Zap =Rapt+Lappt+piGas (4) 


and so on, so that the above two equations 
become 


e+ Ae=R(i+ Ai) +p(o+ Ad) + 
p(9+ A0)(B+ SB) (7) 
T+ AT =real part of —(i+ At)*-(B+ AB)+ 
MpX9+ 40) (8) 
(where now TJ represents applied torque, 
hence the minus sign). 
Subtracting the steady-state equations 


and neglecting second-order infinitesimals, 
the equations of small displacements are 


Ae=R- Ait+pAp+pi AB+ ApoB (9) 
AT = —(i*- AB+ Ai*-B)+ Mp? A6 (10) 
(The phrase “‘Real part of’’ will be left out 


in the following.) 
Or in terms of constants 


Ae=R- Ai+L-pAi+pG- Ai+ ApoG-i 

AT = —(i*-G- Ai+ Ai*-G-i)+ Mp? A6 (11) 
(b). The equation of small displacement 

may be written as 

Ae=Z:Ait+ApeG:i 


or 


(12) 


where Z is defined in equation 4. 

Hence during small oscillations the tran- 
sient impedance tensor Z of any machine is 
the same as the Z during constant speed. 


However, two sets of impressed voltages 
appear: 
1. —BApé representing the internal generated 


voltages due to cutting the steady-state rotor flux- 


Reference axes of the doubly fed 
single-phase motor 


Figure 3. 
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fr Figure 4 (left). The 
I'sd Xs Xr at single-phase _instru- 
5 ment Selsyn 
Mere? =ey (a) (above) Steady- 
state network 
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piece cen (b) (below) Hunting 
networks (for torque 
formulas see Table |) 
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Figure 6 (right). The 
induction motor on 
) EnEg -(\-v)eg) unbalanced voltages 


vied (a) (above) Steady- 
state network 
jLhEpt(l+v)ep) 
I-h+v (6) (below) Hunting 
networks (for torque 
formulas see Table |) 


s Figure 5 (left). Th tr 
‘sd IKeq IX, Tv 2s, Figure 5 (left). e x fe 
capacitor motor 2rs 2jxs kr 3 
e,2 edtiea/o (a) (above) Steady- 
s 2 


state network 


(6) (below) Hunting 
networks (for torque 


e ed -1eg/a_ 
bso formulas see Table |) 


'sd \Xsd Kr Ur 


I+v 
‘sd rr 


Figure 7 (right). The 


: “yh ; ; 
eeaeriny eee: =! single-phase induc- 
ee, 2U-nye ea tion motor 
* (a) (above) Steady- 
“NED state network 
|-htv 
(6) Coelow) Hunting 
is a0 x < networks (for torque 
ahi Bes formulas see Table |) 
292 TRANSACTIONS Kron—Equivalent Circuits ELECTRICAL ENGINEERING 


density B by the oscillating speed change Apé. 
hg voltage appears in every machine. 


2. de/08 representing the oscillation of the steady- 
‘state impressed voltage €. This voltage appears 
_ only in slip ring machines where e is a function of 0. 


Also small voltage changes Af may be 
impressed from outside. 


Steady Hunting 


: (a). When the frequency of oscillations— 
say in spontaneous hunting or in driving a 
reciprocating load—is hw, and p is to be re- 
placed by jhw’, care has to be exercised if 
the transient Z contains the complex opera- 
torj. Such cases can be analytically treated 
by introducing an additional complex opera- 
tor k for p=khw' as shown in the com- 
panion paper ““The Doubly Fed Machine.”’ 
However to establish equivalent networks 
it is advisable to use a physical reference 
frame that does not introduce 7 in the tran- 

sient Z, so as to avoid using equivalent net- 
works with two sets of frequencies. 


(b). Inreplacing p by jhw’ (assuming no 
j in the transient Z) two cases have to be 
distinguished (reference 7, page 119) de- 
pending on the reference frame used: 


1. The steady-state currents i are constant. Then 


all » in equation 12 are replaced by jhw. 


2. The steady-state currents i are of fundamental 


tr 


(a) Steady-state network 


Ur 


it h-v 


(b) Hunting networks (for torque formulas 
see Figure 8c) 


Figure 9. The polyphase induction motor 
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Figure 8. The doubly fed polyphase 
induction motor 


(a) Cleft) Steady-state network 
(6) Cleft) Hunting networks T 
(c) Cright) Torque formulas 


Frequency. In such a case two sets of hunting equa- 
tions are established: 


(a). _ The currents Af are of fundamental plus 
hunting frequency. Then all p in Z are replaced 
by j(1+hA)w and p in Bp AO by jhw. 


(0). The currents Aé are of fundamental minus 
hunting frequency. Thenall pin Z become j(1—h)w 
and pin Bp A@ becomes —jhw. That is h assumes 
negative value. } 


(c). The hunting-frequency electrical 
torque AT comes out as a complex number 


or ‘ 
ADm, Mm (Tet jhTo) A@ (13) 
where 7; is the synchronizing-torque coef- 
ficient and Tp the damping-torque coeffi- 
cient. If one of them is negative, the system 
is unstable. In calculating 7, and Tp only 


AT/ A@ is needed, hence in the impressed 
voltage A@ may be left out or assumed to be 
any convenient constant. 

If A@ is given, the oscillating-frequency 
torque is 


AT=A0V T3?+(hT p)? 


(d). Once p is replaced by jhw, and so on, 
it is permissible to introduce a C contain- 
ing j. 


(14) 


Steps to Reduce 
Zto a Symmetrical Form 


(a). In machines with sinusoidal space 
waves the torque tensor G may be expressed 
along any reference frame as 
G=yL |. Gagp=va'Lyp (15) 
where y isthe rotation tensor. (Reference 7, 
page 62.) Hence the impedance tensor may 
be written as 


Z=R+(pl+ poy)-L 


where J is the unit tensor. The tensors R, 
I, and L are symmetrical in any reference 


(16) 


Figure 10. Com- 
pound machines and 
their compound net- 


e 
works © 
(a) Steady-state ma- 
chine and its equiva- 
lent network 


— Al 


(jne+28 ae +01@ 


(6) Hunting me- 
chine and its equive- 
lent network 
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iE*= W 
iAE,*= W,+jQ, 
iAE,* = W.+jQ, 


_ Wit Wat Wit 


= 


T=W 
AME*= Ws+jQs 
AiE* = We+jQ. 


a (Q,+Q;)—(Q, + Qi) 
Q 2 Qh 


frame, but y is not. It is assumed that Z 
contains no j. 


(b). To establish an equivalent network 
it is necessary to bring Z to a symmetrical 
form, Three steps are to be made: 


1. Replacing p by jw and $0 by w, 


Z=R+(I—joy)-jX=R+n-jX (17) 
where n contains the speed v as a parameter 
n=I—juvy (18) 


2. Bringing Z to a symmetrical form consists 
chiefly of discovering a transformation C that 
changes the rotation tensor y to a diagonal form. 
When the physical reference axes have been 
judiciously selected and also are at right angles in 
space, one such C is that of the method of sym- 
metrical components 


(19) 


where y/=Ci*-y-C. This step brings y, hencen 
to a diagonal form. Except for the scalars n, the 
matrix of Z is now symmetrical. 


Since the sequence axes are hypothetical axes, their 
introduction does not change the frequency of any 
quantity, and it is immaterial whether first the ps 
are replaced by jhw and then are the sequence axes 
introduced or first the sequence axes are introduced, 
and then the ps are replaced by jhw. 


3. Dividing the equation of voltage e=Z-i by n 
(or each equation by an appropriate scalar) 


e’=n"!-e=(n"!-R4jX)-t=Z'-i (20) 


where Z’ now is symmetrical. The resistances and 
the impressed voltages are functions of the speed v. 


To find the torque, not only Z but also 
G must be transformed by C. ThenwG-t=E 
is traced on the network. The torque is the 
real part of i- E*, that is the sum of the watt- 
meter readings. 


Steps to Establish the 
Steady-State Networks 


1. The transient Z of the machine is 
first set up along a reference frame that 
gives a symmetrical Z. 


2. The torque tensor G and impressed 
voltage vector e are also found along the 
same reference frame. 


jx ntR 


YY 


AT= ie? jhTp= Vid BE 4av% E 
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3. Replace pin Z by jw (where w may be 
zero). 


4. Divide Z by n. 
5. Establish the steady-state network. 
6. Theimpressed voltages are e’=n7!-e. 


7. The differences of potential E=wG-i 
are indicated on the equivalent circuit. 


8. The steady-state torque is the real 
part of i*-E. 


Steps to Establish 
the Hunting Networks 


1. Replace p in Z by jw’ (where w’ is 
hw or (1+h)w as indicated in a previous 
section). 


2. Divide Zbyn’. 


3. Establish the corresponding network 
or networks. They are the same as the 
steady-state network except that the re- 
sistances are divided by different constants 
re 

4. The voltages impressed on the hunt- 
ing networks are 


ees, 
se’=n'-1-(jnE—n-2 -*/) (21) 


where E and e’ appear on the steady-state 
network, Af is any outside impressed volt- 
age change and h may be plus or minus. 
Also n-de’/00 =0de/00. 


5. On the hunting network the differ- 
ences of potential AE=wG- Ai are deter- 
mined (they exist across the same junction- 
pairs as E). 


6. The following watts W and vars O 
are measured 


AT/ Ad =W+j0 =i: AE*+ Ai-E* = 
Ts+jhT p (22) 


7. The sum of the wattmeter readings is 
the synchronizing torque 7, and the sum of 
the varmeter readings (divided by h) is 
the damping torque Tp. 

It should be remembered that: 


1. By convention the varmeter reading W+j0 is 
t-E* and not i*-E; hence a negative Q gives positive 
Tp. 

2. Whilei and Ein the actual machine are rotating 
vectors i=(A+jB)eiwt; AT, also i and E in the 
networks are single-phase quantities, i=real of 
(C+jD)e¢iwt. When the frequency of a AT ex- 
pression is —w, it represents a negative T p. 


Hence if the frequency of AT is —w, the varmeter 
reading Q keeps its sign. If AT is +wp, the sign of 
Q is reversed. 


3. Ifa AT expression is the product of two sinusoi- 
dail waves, one half of the product is the torque 
change. 


Compound Networks 


Just as ordinary equations may be repre- 
sented physically by equivalent networks, 
analogously a set of tensor equations may 
also be represented physically by equivalent 
networks (see reference 6, page 480) in 
which each coil represents a whole network 
and each current represents several mesh- 
currents. Figure 10 shows the general 
form of steady-state and hunting networks 
for all machines in which no relative veloc- 
ity exists between the reference axes. 
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Appendix Il. The Salient-Pole Synchronous Machine 
The Primitive Machine 


Let the constants of the synchronous machine of Figure la be assumed as see in 
Figures 1b and c. Its Z, G, and e tensors (or those of the primitive machine wit five 
axes) have been given in reference 7, page 42 as (using X for inductance L in per unit as 


is customary in the per-unit system) 


d; d;, dk d, Ga 


d; XaaP 
dj, treat X kab RS eT: § 
Z=q: rq t X kqP (23) 


—X aghA 
XagP 


d, x aaP 


Ta X gah 


| | | poesind | péecosd (25) 
where 6=0—O4ju5.- All the five reference axes are rigidly attached to the field and 


rotate with it. (Note the change in sign of pd.) 
The machine is assumed to be connected to an infinite bus running at the same speed 


pé as the field. 
Reduction to Symmetrical Form d, f;, b; ii b, 


Let symmetrical components be intro- 
duced by the following transformation 


af _ as 


4 
gah me (gh 4 9h) /2 
gM = —7(i7* — 7") /2 (26) 
i 
i 


da _ (if 4+-0°%) /2 
2 


If now: 


1. Cy*-Z-C=Z', C:*-G-C=G’ and Ci*-e =e’ are 
calculated, 


2. pis replaced by jh and p@ by v where » is the (28) 
per-unit velocity of the machine, 
3. Z’is multiplied by n’~! where the value of n’ is 
given in equation 28. 
The results are 
n'-1.Z’/=1/4X 
2j Xad 2] X aa 23 Xaa 
2jX aa (reat kq)/h+ (Tra —Txq)/A+ IX aa X ag) JCXca=— aa) 
HX eat+Xnq) | j(Xaa—Xayq) 
25Xaa | (tra—Peq)/A+ | (reat rxq)/h+ | j(Xaa—Xay) | j(XaatXag) 
i Xea —Xag) I XiatXiq) : 
27X aa IC Xaa +X qq) I Xea— X ag) 2r/(h-+v)+ Xa Xq) 
, HXat+Xq) 
27X aa HX ea a X qq) I XaatX aq) TOG = X q) 2r/(h —v)+ 
HXatXq) (29) 


The same result is found if first p is replaced by jhw, then C is introduced. 


d; fy, b, fy, b, 
= —24Xaa | i(Xaa—X ao) Bsa HXa-Xq) 
ss =i XaatXan)_| =i(X1—X0)_| =i(XatX.) | (30) 
ti eb; fa b, ae ie er 
= -[eet eam] 


where e, and e appear on the steady-state network of Figure 2a derived in reference 5. 
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‘he Hunting Equivalent Network 


4 is shown in Figure 2b. It is established 
the same manner as the steady-state net- 
ork shown in reference 5, 

; It should be noted that at least two nega- 
_tive resistances are needed, one for each net- 


sed in conjunction with the a-c network 
analyzer. If no negative resistances are at 
hand, the networks of Figure 2 may be 
changed in a manner similar to that shown 
in reference 5, Figures 3b, 6, and 7. 


(b). The components of AE=G’: Ai’ 
e shown in Figure 2b. 


(a). The equivalent circuit of hunting 
th per-phase constants) corresponding to 


work. Such negative resistances may be 


I 

7 f,) aa dit +5 XaatX aq) AM +j(X aa —X ay) di” + 
or HXatXq) At? +j(Xa—Xq) ai” 
© Ag | ~ BiXaa dt +5(X aa —Xaq) At + j(X cat X aq) AV + 
; i(Xa—XQ) Ai +5(XatX.) A] 
” d; fr b, fa b, 


(34) 


(c). To find the impressed voltages Ae 
on the hunting network, let equation 31 be 
differentiated 


oo gol Sea Ae 


where (if rs=roq and /,=/,q=leakage re- 
actance) 


1 Ts lke 
Z=R+ Lp em ( Sarat) 4 


Reduction to Symmetrical Form 


Oe ) 
== | | —jvey | —jvey (35) Let symmetrical components be intro- 
00 duced by the transformation 
Hence the resultant Ae is i728 = (47°) /2 
£0 = —7(4* —7*)/2 
he=n’-! jn 2_ =) asi oer ee 
00 Ae iT = —j(i" —7"")/2 
d; f,. b,. f,. b, 
A (hEs+0 i(hEy+o 
ae=|— 2% | | x tre) | (hEyt+vep) (37) 
hAé h+v h—v 


On the field an impressed hunting-fre- 
quency voltage Aeg, may exist. 


(d). By measuring the watts of i*-E and 
the watts and vars of 1*-AE+ Ai*-E as 
shown on Figure 2c, the steady-state torque 
(per phase), also the damping and syn- 
chronizing torques are found. (Note the 
change in sign of Tp and 7, due to that of 
Apé.) 

In per unit on Figure 2a the impressed 
voltages je/2 and egjXqa/2ry are 1/+/2. 


Appendix Ill. The Single-Phase 


Instrument-Selsyn 


The Primitive Machine 


Let a single-phase induction motor be 
considered (Figure 3a) in which the ratio 
of the cross-phase to the main-phase turns 
is a. Let it be assumed that the im- 
pedances of the two stator windings differ 
by Z=R+Lp+1/pC. Also on both stator 
and rotor windings let unbalanced voltages 
be impressed. (To simplify the equations 
the saliency of the stator will be neglected 
here, but is considered in Figure 4.) 

The transient Z, G, ande of such a ma- 
chine is [the primitive machine with four 
windings (reference 7, page 43, or reference 
4)]. 


May 1942, VoL. 61 


(38) 


(39) 


(44) 


If the rotor is connected to the rotor of 
another Selsyn with infinite inertia, or 
with assumed constant speed 


fj f, b, 6, 
o= [en hae Rae 
(45) 
f, f, b; 6, 
=| ¢, | (l—v)er | ene | (+0), 


Since the reference axes are stationary the 
frequency of the hunting currents is (1+h)o 
and (1—h)w. 


1. Replacing first p by j(1+h)w pA by w, and 
dividing Zi’ by ni’ 
f, f, b, 6, 


(47) 


(42) 


By C,*-Z-C, C;*-G-C, and C,*-e 


where the mutual impedance of the sequence axes 
Z; may have the form 


IX 
(1+h)? 
2. Replacing p by j(1—h)w and dividing Z2' by 


no’, the resultant Zo’ is the same as Zi’, except +h 
everywhere is replaced by —h. 


R 
=— +j 48 
“Zi we ernie: (48) 


The same result is found if first p is re- 
placed by j(1+h)w then C is introduced. 


f; f, b; b, 
72 rst LsptZ /2 we _Mp 
r,+L(p —jps) ——- (43) 
rst Lsp+Z/2 hese Mp 
M(p+ip0) _|_r,+L-(p+jpe) 
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The Hunting Equivalent Networks 


The corresponding two equivalent net- 
works are given in Figure 4b showing also 
AE, =wG’ 6 Ai, and AE, =wG’: Ais. The 
saliency of the d axis is taken care of by the 
addition of a condenser j(Ximq—Xma) com- 
mon to all four meshes, as in the case of the 
salient-pole synchronous machine, Figure 2b. 

The voltages impressed on the hunting 
networks are by 


(49) 


j(hE;—(1 —v)e,] 
1+k—-v 


j{ —hE;—(1—n)e,] 


Table |. Torque Formulas for the Single-Phase Motors of Figures 4-7 


if Ey*=W’ 


if AEn* =Wi+j01 
if AEy2* =W2+jQ2 


Aif1 Ey* = Wit 50s 
Ail? Bye * = WetjOe 
T Wit W2+-Wit+ WMitWs+Wet+Wit+ Ws 
pg AE LAE A IS AAG AA EE ee 
2 


| jl{hEy+(1+v)ep] (50) 
1+h-+v : 
b, 
j[—hEy+(1+ 2) ey] (51) 


1—h—-v 


The torques are the real parts of 


AT =i*( AE, + AE) +(At;+ Ai)*-E (52) 


By measuring watts and vars, the 
torques per phase are found by the formu- 
las shown in Table I. 


Special Cases 


1. The Capacitor Motor. The rotor-im- 
pressed voltages ey, and ep, are zero, Figure 5. 


2. Polyphase Induction Motor on Un- 
balanced Voltages. Z=O, Figure 6. 


8. The Single-Phase Induction Motor. 
The rotor-impressed voltages are zero and 
Z=o, Figure 7, 

4. The Doubly Fed Induction Motor. 
Z=0 and a=1. Also e¢;=e,,=0 and the 
negative-sequence networks are missing, 
Figure 8. This case is illustrated in detail in 
the companion paper.* 

5. The Polyphase Induction Motor. Z=0, 
the negative-sequence networks are missing 
and the rotor-impressed voltage ej is also 
zero, Figure 9. 


Appendix IV. More General 
Cases of Hunting 


Machines With Arbitrary 
Reference Frames 


When a relative velocity p0’ exists be- 
tween the stator and rotor reference axes (as 
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1—h-+y 


in interconnected slip ring machines such 
as Selsyns) the equation of voltage has an 
additional term p6’V-i in it, so that 


e=(R+Lp+poG+p0'V) -i=Z-i (53) 


The equation of hunting then is 
,_| Oe ; 
Z- Ai= Seek nea eee Ad = 


oe ; 
(= —E ») Ad (54) 


However V is not a tensor and it cannot 
be physically represented. 

In some cases (in machines with sym- 
metrical structures) V may be changed into 
a tensor by assuming all reference axes to 
rotate at the same speed. But in case of 
interconnected synchronous machines or 
instrument Selsyns that assumption can- 
not be made. 


Tensorial Form.of the Hunting 
Equation 


It is well-known that while the equation 
of Lagrange or its generalization, equation 53 


di® 
Ca = Rapi?+dap 5 + Vgy,0c4°47 (55) 


is a tensor equation, the equation of small os- 
cillations (derived from it by replacing «* by 
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ibpbt= yw" 


i> AEn* = Wst+j0s 
i> AEp2* = WetjQs 
Ail y* = Wi+ 507 
Aik? By* = Ws+j0s 
2s (Q2+03s+0Os+Or7) —(Q1+01+05+0s) 


TD 2h 


x*-+ Ax® andi by i*+ Az“) equation 54, or 


d(Ai® : 
Mea = Rap Ai®+aap = dT py e AGPTTE 
or ’ 
Tpy,at? AiY+ 5b ii Ax! (56) 
20 
is no longer a tensor equation. That is 


Aif itself is not a vector (tensor of rank one) 
nor can the various terms be grouped to 
form tensors. Hence, no physical model 
(equivalent circuit) can be established to 
represent these equations in the general case. 
The tensorial form of the equation of 
small oscillations of dynamical systems in 
general and of electrical machinery in par- 
ticular is? 
8(62°) 
dt 
K 5ypat?iPdx? + Ry pat®dx? (57) 


where Kéyga is the Riemann-Christoffel 
curvature tensor and 6 represent ‘‘abso- 
lute’ or ‘‘covariant’’ differentials. This is 
the hunting equation whose equivalent cir- 
cuit has to be established and this is the 
equation that fits the hunting equivalent 
circuits of machines having general refer- 
ence axes. 


ble = Ry p5i°+dap 
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Saturated Synchronous Machines Under 
Transient Conditions in the Pole Axis 


REINHOLD RUDENBERG 


MEMBER AIEE 


1. Introduction 


| ie performance of synchronous ma- 
chines in steady-state operation, as 
is sub- 
— determined by magnetic satura- 
tion in their iron circuits.1%142° It is 
well-known that high initial and sustained 
short-circuit currents develop under 
widely different conditions of saturation 
and that large capacitive loading is un- 
stable but for the effect of saturation. 

The transition from one state of opera- 
tion to another under the influence of 
changing saturation will be considered in 
this paper, and we will develop the tran- 
sient phenomena from the magnetic char- 
acteristic of the machine. We fix our 
attention on the direct or pole axis since 
the fields in the quadrature axis of the 
rotor act essentially independently, ac- 
cording to Blondel’s theorem. The solu- 
tion becomes obvious if we concentrate 
the saturation at the pole cores of the 
rotor and confine ourselves at first to sym- 
metrical three-phase conditions in the 
stator and to constant speed of the ma- 
chine. The analysis is simple? if the rotor 
consists of laminated cores surrounded 
only by exciting coils. It becomes more 
involved if damper windings or solid steel 


Figure 1. Constants of stator, rotor, and mag- 
netic circuits of synchronous machine 
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rotors are used having paths for eddy- 
current formation. 


2. Change With Time of the 
Main Flux 


We consider first the stator circuit in 
Figure 1. The terminals with voltage V 
are loaded by an impedance X which, for 
simplicity, is shown with one phase only 
and may be purely reactive so that we 
have to consider only the pole axis of the 
machine. Consequently, the stator re- 
sistance may be neglected. Since higher 
harmonics are of secondary importance, 
we consider the phenomena of fundamental 
stator frequency only. With leakage re- 
actance x, the external current J requires 
an internal electromotive force 


E=V+el=(X+x)I (1) 


This relation holds only if the amplitude 
variation of the current with time is slow 
compared with the harmonic variation 
due to the frequency w, 


ew (2) 


an assumption which will be verified later. 
With internal resistance and external 
active load, equation 1 remains unchanged 
in form, except that it then has a vector 
significance. 

Secondly, we consider the rotor circuit 
in Figure 1. The external excitation volt- 
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Section 


age e is given either as constant or as a 
known function of time. With resistance 
r, number of turns NV, and rotor pole flux 
®, the exciting current 7 in the transient 
state is determined by 


d d® 
e(t)=ri+N a (3) 


This expression can be transformed by 
introducing the electromotive force E 
rather than the flux ®, both always being 
proportional, 


6/6,=E/E, (4) 


If we denote the rated values of flux ®,, 
stator voltage H, and rotor voltage e,, 
the last term of equation 3 equals either 
of the two following expressions: 


d® dE d(E/E,) 

dt un Padi =eol'y dt (S) 
Herein 
IPI Oe (6) 


is a time constant of the complete machine 
which has the advantage of being. con- 
stant entirely independent of the mag- 
netic saturation, while 


T,=N®,/e, (7) 


is a time constant of the rotor poles with 
their field windings, which has a simpler 
physical significance and is constant so 
long as the rated rotor values remain un- 
changed. 

The rotor circuit-equation 3 now be- 
comes, using equation 7, 


d(E/E 
e(t)=ri+eoTp a i 0) 


(8) 


It is expedient to take for ® in equation 
3 the total pole-core flux which is linked 
completely with the exciting winding. 
The electromotive force E in equation 4 
corresponds to this flux, which is regarded, 
as usual, as the main flux of the machine 
to which also the magnetic characteristic 
is related. Hence the difference between 
electromotive force E and terminal volt- 
age V is caused by the leakage fluxes of 
both stator and rotor and thus x in equa- 
tion 1 defines the sum of stator and rotor 
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Internal and external excitation 
characteristics 


Figure 2. 


leakage reactances,’ both related to the 
stator circuit. 

Thirdly, we consider the magnetic cir- 
cuit of the machine in the direct or pole 
axis. With open stator terminals, the cor- 
relation of electromotive force E and ex- 
citing current 7 is given as ‘‘no-load char- 
acteristic”? by the functions 


E=E(t) or 1=i(£) (9) 


The rotor leakage at no load may be in- 
cluded herein. 

With loaded machine the armature re- 
action of the current J causes a change of 
the resultant excitation. We can express 
this change by ml if m is a numerical fac- 
tor expressing the effective turn ratio of 
stator and rotor windings, including the 


correction due to leakage and the effect - 


of phase displacement in case of active 
load. If we consider the demagnetizing 
effect of inductive current as positive, the 
magnetic characteristic under load! is 
given by the function 


E=E(i—ml) (10) 
which can be inverted to 
i=i,(E)-+ml (11) 


This relation for the total exciting cur- 
rent 7 is represented by Figure 2. Herein 
1,4(E) is that part of the exciting current 
which is needed for the magnetization of 
the internal main synchronous flux and 
_mI is that part which is necessary for 


Figure 3. Point-by-point derivation of 
voltage— and current-time curves after sudden 
drop of load 


the magnetization of the electric stator 


circuit and which is transferred through — 


the machine to the external load. 

Not only the first but also the second 
part of the current in equation 11 is de- 
pendent solely on the electromotive force 
E, corresponding to the main flux @. We 
see this immediately by equation 1 since 


ye E 
~X+x 


(12) 


This is represented at the left-hand side 
of Figure 2, and we will denote this line 
as the ‘network characteristic.” With 
constant external and internal impedances 
this characteristic is a straight line 
through the origin, as shown in Figure 2. 
Its slope in terms of stator voltage and 
current is given merely by 


X+x 


If now we insert the stator current of 
equation 12 in equation 11, and the rotor 
current of equation 11 in equation 8, and 


define the rated exciting current 7, by 
C9 =T to (13) 


we obtain the final relation for our prob- 
lem 


Tr d(E/E,) _e(t)/r—[i,(E) +mE/(X +<x)] 
Petia 3 


to 
(14) 
Thus, the change with time of the rela- 
tive stator voltage E/E, of the machine is 
determined by the difference of the ficti- 
tious steady-state or ohmic rotor current, 
namely e/r, under the impressed voltage 
e(t), and the sum of the actual internal 
and external magnetizing currents neces- 
sary to produce the voltage E. This dif- 
ference, indicating a current of unbalance, 
is denoted by Az in Figure 2 and is ob- 
tained by drawing a parallel to the net- 
work characteristic through the working 
point on the no-load characteristic. If the 
difference Ai is positive, the voltage E 
increases; if Az is negative, the voltage 
decreases. In both cases the rate of 
change is inversely proportional to the 
time constant 7, of the rotor. 
Since the right-hand side of equation 14 
depends only on the two variables ¢ and 
E, we can solve this differential equation 


Figure 4, 
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Derivation of transient voltages and currents 
at inductive loading with constant excitation voltage 


graphically for many problems. It is 
convenient to write equation 14 in a 
purely numerical form, namely 


d(E/E,) et) >i(B) 


= 15 
d(t/Tp) €o V9 ce 


where the last term on the right-hand side 
represents the excitation current of the 
entire internal plus external magnetic 
characteristic, as shown in Figure 3a. In 
Figure 3b and 3c there are derived by use of — 
equation 15 the changes with time of volt- 
age and exciting current when the load cur- _ 
rent of the generatoris suddenly decreased. 
Under the influence of a voltage regulator 
a series resistance in the shunt excitation 
of the exciter may be switched on and off 
when the voltage E passes through the 
rated value. The voltage curve e(t) of the: 
exciter is given in Figure 3c, and the dif- 
ference at every instant between this 
voltage and the total exciting current, 
taken from the characteristic in Figure 3a, 
both given in relative values, determines 
the rate of change of the voltage E, as 
indicated in Figure 3b. Step by step, the 
complete set of curves can be derived in 
this way, and experiments show that such- 
curves agree well with actual oscillo- 
grams.» 

For many important phenomena, the 
excitation voltage e remains constant dur- 
ing the transient process and this simpli- 
fies the problem materially. The exciting 
current immediately before the instant of 
switching is 


=e,/r (16) 


e,; denoting the constant rotor voltage. 
The first term on the right-hand side of 
equations 14 and 15 now is independent 
of time and this relation can be written 


(dE/E,) 4% ZuE) A(z) 
irs === SS 


dt lg 1p 1p 


(17) 


where the difference current Az is now de- 
pendent on the voltage E only. From 
Figure 4a we see that this value 


(18) 


At=% —ip—mI 


is given by the difference shown shaded 
between the internal magnetic charac- 
teristic of the machine and the external 
network characteristic, drawn backwards 
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from the original exciting current i), For 
every voltage E the change with time of 
th e voltage is determined, therefore, by 
the horizontal distance between the two 
c haracteristics, and the entire E curve can 
es ily be derived graphically. We can 
integrate equation 17 rigorously by sepa- 
ration of the variables and obtain the 
time elapsed since the instant of switch- 
ing 


.'. [oe 

Ai/i, 
This constitutes a simple quadrature and 
Figure 4b and c show how the E curve 
plotted against time can be derived by 
graphical integration of an auxiliary curve 
1/Ai dependent on E. 

The electromotive force E departs from 
the initial value which is determined by 
the previous operation of the machine, de- 
creases at a rate determined by the value 
of Az and approaches asymptotically the 
intersection of the internal and external 
characteristics, indicating.a state of equi- 
librium. This new steady-state value may 
be approached from above or from below, 
depending upon the initial magnitude of 
the voltage E. 


rs 


Rees 
3 


(19) 


3. Transient Voltages and 
Currents 


The other parameters of operation, as 
terminal voltage, exciting current, and 
_ stator current, can easily be determined 

graphically. According to equation 1, the 
terminal voltage V is the difference be- 


Figure 5. Three characteristics which are 
constant during inductive transient performance 


tween electromotive force E and leakage 
reactance voltage xJ. If, therefore, we 
draw in Figure 5 through the steady-state 
exciting current 7 a straight line repre- 
senting the leakage characteristic of the 
synchronous machine, with slope x rather 
than X-+x as for the network characteris- 
tic, this line subdivides the entire voltage 
E into two parts, namely, the terminal 
voltage V and the leakage voltage ole 
Thus we can take the value of V for every 
value of E and transfer it to the time dia- 
gram, Figure 4c. While the electromo- 
tive force E is continuous at the instant of 
switching, the terminal voltage V jumps 
by an amount equal to the change of 
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Figure 6. Unbalance of currents at sudden 
short circuit under two previous machine 
conditions 


leakage voltage at the instant of switch- 
ing. 

The value mJ for the stator current J is 
given in Figure 5 by the horizontal dis- 
tance between the characteristic point at 
the value E on the network characteristic 
and the vertical through the exciting cur- 
rent %. This follows directly from the 
definition of the network characteristic. 
Thus the stator current J can also be 
plotted in the time diagram, Figure 4c. 
The exciting current given by equation 11 
is, according to Figure 5, the value cut off 
the 7 axis at a given instant by a line 
through the £ point at the no-load char- 
acteristic and parallel to the network 
characteristic. It also is transferred to 
Figure 4c. Stator current and rotor cur- 
rent behave discontinuously at the in- 
stant of switching and jump suddenly to 
their new values, decreasing subsequently 
with time to their steady-state values, 
which for the exciting current coincides 
with the magnitude prior to the switching 
process. 

In every case it is easy to determine the 
correct scale for the stator current. We 
need only to consider the Potier triangle 
in Figure 5, which by its magnitude for 
zero power factor gives a direct measure 
of the rated stator current. Thus we can 
measure J directly, rather than m/ in the 
rotor scale. 

A significant case of operation is the 
sudden short circuit of a synchronous 
machine at its terminals. Since now there 
is no external reactance X, the network 
characteristic becomes identical with the 
leakage characteristic and, therefore, 
drops in position. This is shown in Figure 
6 for two different prior exciting currents, 
corresponding to no-load and to full-re- 
active-load conditions. The equilibrium 
of the currents in the machine is now 
heavily disturbed, and thus a large dif- 
ference current Azoccurs. The voltage E, 
therefore, decreases rapidly, and ‘very 
large currents are built up, constituting in 
the stator an alternating current J and in 
the rotor a direct current 7, both decreas- 
ing continuously from their initial values 
to the final sustained values. Hence we 
have developed a method for determining 
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Three characteristics which are 
capacitive transient per- 
formance 


Figure 7. 
constant during 


numerically the change with time of these 
currents with any given saturation of the 
synchronous machine. Figure 6 shows 
that the initial short-circuit stator cur- 
rents J, for prior no-load and full-load con- 
ditions differ only slightly, this difference 
being equal to the magnitude of the prior 
load curreat, though the sustained cur- 
rents J, are widely different. In any case, 
the value of the initial alternating short- 
circuit current, given by the similarity of 
the triangles, is 


I;/I,>= E/E; (20) 


i] 

where E denotes the electromotive force 
at the instant of short circuit and FE, the 
total leakage voltage of the machine at 
rated current J,. 

Another interesting case is the capaci- 
tive loading of a synchronous generator. 
The load current now is, by equation 1 


+ E wC 


Ke Pek Ror he 


E=-I, 


and thus changes sign. The network 
characteristic therefore must be drawn 
from the exciting current 7, toward the 
right-hand side, as in Figure 7, the slope 
being determined by the coefficient of E 
in equation 21. The increment of the 
capacitive current due to the combined 
action of external capacitive reactance and 
internal leakage inductance is given by 
the denominator of this coefficient. 
Resonance would be approached only for 
very large values of the capacitance. 
Equation 18 can now be written in the 
form 


Ai=i—ty+mI1, (22) 


and we see from Figure 7 that Az is again 
the horizontal difference between the no- 
load characteristic and the capacitive 
characteristic of the stator network. 
However, since Az has changed its sign 
compared with the inductive loading of 
Figure 4, the voltage now increases with 
time toward the final value, again deter- 
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Figure 8. Deriva- 
ages and currents at 
capacitive loading 
with constant exci- 
tation voltage 


mined by the intersection of the two char- 
acteristics. 

The terminal voltage V is always the 
vertical distance between network and 


leakage characteristics. If we lengthen 
the leakage characteristic in Figure 7 be- 
yond the current 71, we see that V becomes 
larger than the electromotive force E by 
reason of the inductive voltage rise pro- 
duced by the capacitive current. A paral- 
lel line to the network characteristic 
through the £ point on the no-load char- 
acteristic cuts off on the abscissa the mag- 
nitude of the exciting current 7, as shown 
in Figure 7. The transient exciting cur- 
rent here is temporarily fairly small and 
even may become negative. 

Figure 8 represents the sudden capaci- 
tive loading of a synchronous generator, 
previously under full inductive load, 
when the capacitance is so chosen that it 
would give full load under normal volt- 
age. By drawing the inverted difference 
current 1/ Az and integrating this, we ob- 
tain in Figure 8c the change of voltage E 
with time, according to equation 19, and 
by graphical correlation we can add the 
other curves for terminal voltage V, 
stator current J, and exciting current 7. 
At the instant of switching all magnitudes, 
except the electromotive force E, jump 
to their new transient values. The excit- 
ing current returns finally to its original 
value 7, and electromotive force, stator 
current and, particularly, terminal volt- 
age attain high magnitudes. 

We now can state the general rule for 
any transient change in synchronous ma- 
chines with constant excitation voltage. 
Up to the initiation of the switching proc- 


Figure 9. Unbalance of currents at sudden 
change of general reactive load 
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ess the machine may have worked, as in 
Figure 9, with an exciting current 4 and 
an electromotive force E, both determined 
by the intersection of the no-load machine 
characteristic with the prior load network 
When the network char- 
acteristic suddenly changes by a definite 
amount, turning to the left-hand side with 
increase of inductive load or to the right- 
hand side with decrease of inductive load 
or increase of capacitive load, the working 
point of the machine moves along the mag- 
netic characteristic toward the new inter- 
section at a rate given by equation 17 or 
19, which is proportional to the current 
difference Ai of the shaded areas in Figure 
9. 

The phenomena occurring with re- 
moval of load of a synchronous machine 
are also easy to describe. If, for example, 
the sustained terminal short-circuit cur- 
rent of a generator is suddenly interrup- 
ted, as in Figure 10, the exciting current 
jumps temporarily to a very small value, 
z’ or i” according as the load changes to 
zero or to a finite value. The electro- 
motive force # increases with a rate de- 
termined by the width of the shaded areas, 
and the momentary values of terminal 
voltage V and stator current J for any 
instant can easily be taken from the dia- 
gram by projecting from the load charac- 
teristic to the no-load and short-circuit 
lines. If, on the other hand, a capacitive 
load is switched off*!? as in Figure 11, 
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Figure 10. Interruption of short circuit and 
recovery toward loaded or open-circuited 
condition 
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tion of transient volt- — 


Interruption of capacitive load 
and recovery toward loaded or open-circuited 
condition 


Figure 11. 


the exciting current jumps temporarily to 
the larger value 7’ or 7”, according to the 
final-load or no-load condition. Stator 
voltages and current can also be taken 
from the diagram, using the shaded areas 
and following the same scheme as before. 

The only magnitude of our main equa- 
tions 17 and 19 which is not contained in 
the diagram of characteristics is the time 
constant 7, of the rotor pole flux. Cal- 
culations according to equation 7 and 
oscillographic experiments have shown 
that for machines of the usual design for 
50-60 cycles per second, with no addi- 
tional resistance in the excitation circuit, 
the time constant T, varies mainly with 
the synchronous power generated by 
each pole. Itis: 


for 100 1,000 10,000 kva per pole 


in the order of 


Tp= 3 6 12 seconds 


With numerical values of the integral of 
equation 19 such as are given on the axis 
of abscissae in Figures 4 and 8, we realize 
that the actual change with time of cur- 
rents and voltages is always very slow 
compared with the change due to the 
frequency 50 or 60 cycles per second. 
Our assumption in equation 2 is verified 
therefore. 

However, this is true only during the 


_ transient state following the instant of 


switching, but is not true for the time t= 
0 at which the switching occurs. Our 
curves for the stator currents and voltages 
represent only the amplitudes of the har- 
monically varying magnitudes, so that a 
jump of these amplitudes at t=0 does 
not mean necessarily an actual discon- 
tinuity but merely a rapid variation com- 
pared to the slower succeeding change. 
It is well-known that other transient cur- 
rents may appear which prevent a discon- 
tinuous transition between the values 
immediately before and immediately after 
t=0. These additional transient cur- 
rents flow without impressed voltage, 
suffer a rapid decay, and bridge the jump 
of the amplitudes only at the instant of 
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“switching. Their initial values, there- 


‘fore, are given directly by the jumps of 


the currents and voltages in our time dia- 


- grams. 


If the synchronous machine is loaded 
by self-inductance, either external or only 
internal, the superposed transient current 
is a decaying direct current, its time con- 
stant being that of the stator circuit. If, 
however, the load consists of capacitance, 
the superposed current is a damped oscil- 
lating current, the natural frequency be- 
ing determined by capacitance and self- 
inductance of the machine and the load. 
It is well-known that the actual currents 
or voltages, by the additional effects of 
these free intermediate currents, may rise 
temporarily to about double the value of 
the original discontinuous magnitudes. 

The rate of change of any curve can be 
expressed significantly by the value of the 
subtangent S. This is shown in Figure 
12b with curve E which is derived from 


the characteristics in Figure 12a of the 


magnetic and electric circuits of a syn- 
chronous machine. By using equation 17 
we can express the subtangent, as cut off 
on the asymptotic axis, 


AE _,, AB/Es 
dE/dt .” Ai/i, 
if we denote by AE the difference of the 
momentary and final voltages, corre- 
sponding to the current difference Az. 
Hence the ratio of the subtangent to the 
time constant of our problem is given by 
the ratio of the height to the width of the 
shaded characteristic area in Figure 12a, 
both measured in relative values. 

Let us consider two extreme examples 
with different asymptotic points of equi- 
librium. With no load of a nonsaturated 
machine, we see from Figure 13a that 


AE/ Ai=E,/i, 
hence S,=T>p 


S= (23) 


(24) 


Figure 12. Subtangent of the voltage curve 
defining the character of change with time 


‘ 


or the subtangent equals the time con- 
stant. With saturation, corresponding 
to the dashed curve in Figure 13a, AE for 
the same Ai is smaller than before and, 
therefore, S < Ty. 

With terminal short circuit of a non- 
saturated machine, Figure 13b shows, 
with J, for the sudden and J, for the 
sustained short-circuit current, that 


AE=R, zt 


to 


At=mI,, 


(25) 
Tk 


and the subtangent is a fraction only of 
the rotor-pole time constant T,. This 
means that the equivalent self-inductance 
of the field winding is reduced by the re- 
action of the short-circuited armature. 
Thus the decay of the electromotive force 
and of the main flux of a machine under 
short-circuit conditions is more rapid than 
under no-load conditions in the ratio of 
sustained to sudden short-circuit current. 
With saturation, corresponding to the 
dashed curve of Figure 13b, Ai becomes 
larger for the same AE, and therefore S is 
smaller than before. 

So we see that the subtangent S of the 
E curve is constant only for nonsaturated 
machines, and therefore only these ma- 
chines can show an exponential decay of 


the voltages and also of the load- and — 


short-circuit currents. Actual saturated 
machines, however, have a subtangent S 
which, corresponding to equation 23 and 
Figure 12, may be small during the initial 
stages and may increase toward a con- 
stant value at the final stages only, where 
the magnetic characteristic approaches 
the steady-state point linearly in the 
direction of its tangent. With capacitive 
load this rule is inverted, the subtangent 
decreases with higher saturation. All in- 
fluences which by smaller armature reac- 
tion elevate the network characteristic, 
such as ohmic resistance or one- or two- 


Figure 13 (right). 
No-load and short- 


terminal loading, increase the magnitude 
of the subtangent toward the no-load 
value of equation 24. 


4. Effect of Damper Circuits 


If the poles of a synchronous generator 
are equipped with damper circuits, these 
form for the most part a squirrel cage at 
the surface of the pole faces, both with 
salient-pole and cylindrical rotors. The 
total flux in the damper winding thus is 
identical with the flux entering the stator 
surface, if we neglect the very small cir- 
cumferential flux in the air gap, including 
the damper slot flux. Between damper 
and field windings, however, a circum- 
ferential flux can pass to the adjacent 
poles, as in Figure 14. This constitutes 
the rotor leakage flux, in the transient part 
of which we are interested. A lumped 
damper circuit rather than a distributed 
winding is shown in Figure 14 in order to 
simplify the problem with regard to the 
direct or pole axis. 

We denote by o the leakage coefficient 
between damper and excitation windings 
due to the rotor leakage flux, by Ty the 
magnetic time constant of the damper 
winding, given as quotient of self-induct- 
ance and resistance, while 7, is the time 
constant of the exciting pole winding as 
before. It is well-known that, without 
regard to saturation, two exponential 
transient currents may flow in the two 
magnetically coupled windings, the time 
constants T of which are given as roots of 
the quadratic equation? 


Pee la-tolera=0 (26) 


Hence for small leakage, as in actual ma- 
chines, the time constants are very nearly 


=T,+Ta; Th= oTq (27) 


eee eee 
UT ttf Tae 


where the last term on the right-hand side 
is a further approximation for T, for rela- 
tively small Ty. 


The primary time con- 


circuit conditions of 
nonsaturated and 


saturated machines 


Figure 14 (lower 
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left). Damper cir- 

cuits and rotor leak- 

age in synchronous 
machine 


Figure 15 (right). 
Behavior of slow- 
transient main flux 
and rapid-transient 
rotor-leakage flux at 


inductive loading 
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stant T,, given by the sum of T, and Ty, 
represents the change with time of the 
main flux, and the secondary time con- 
stant, TZ», given by the product of two 
small quantities, represents the change 
with time of the leakage flux. Thus we 
can distinguish between a slow-transient 
main flux and a rapid-transient leakage 
flux. To both fluxes are correlated the 
respective voltages and currents in the 
windings. 

An actual medium-sized machine may 
have an excitation time constant of the 
poles T,=5 seconds, a damper time con- 
stant T,=1 second, and a leakage coef- 
ficient between both rotor windings o= 
15 per cent. Then we have the two re- 
sultant time constants 


T,;=5+1=6 seconds 


5:1 
= — 0 sl 2orsecond 


T:=0.15 = 
5+1 


T, being only two per cent of 7). For 
current of 60 cycles per second the ex- 
ponential damping for half a cycle is 


t 


P= (1009-7e> “= 0.933 


The rapid-transient rotor leakage flux 
flows for the most part in air, as seen by 
Figure 14. Hence this flux, constituting 
a free magnetic field which acts in addition 
to the main pole flux, is proportional or 
nearly so to its exciting currents. There- 
fore, it will be only slightly influenced by 
saturation and thus will change exponen- 
tially with time in actual machines. The 
leakage time constant T> is, therefore, a 
true or nearly true exponential time con- 
stant. It may vary, however, to some 
extent with different loading of the stator, 
caused by armature reaction on the dam- 
per circuit.?! 

The slow-transient main flux, on the 
other hand, flows through the armature 
and poles of the machine and is, therefore, 
greatly influenced by saturation of these 
steel parts. Thus, we cannot expect that 
the main time constant 7; will affect the 
phenomena exponentially, but we must 
use it with actual machines in the way ex- 
pressed graphically in our previous solu- 
tion for the saturated problem by equa- 
tions 17 and 19. Only we must use, in- 
stead of the previous pure excitation time 
constant 7, the sum of excitation and 
damper time constants given by the first 
equation 27, 7;. Hence the main flux, or 
the electromotive force, is given by 


7 G6E/Eo) _ hi 


srry ig Cy 


all other notations remaining unchanged. 
Both fluxes, together, the slow-transient 


main-pole flux with the large saturated 
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time constant 7; and the rapid-transient 
rotor-leakage flux with the small ex- 
ponential time constant 7», constitute the 
armature flux entering the surface of the 
stator and producing in combination with 
the stator-leakage flux the terminal volt- 
age and the stator current. At the in- 
stant of switching, the field winding keeps 
the pole flux constant, the damper keeps 
the air-gap armature flux constant, and 
thus only the stator-leakage flux can 
change instantaneously. 

The initial values of all magnitudes can 
be determined by a diagram of character- 
istics as in Figure 15, which shows the 
case of sudden inductive loading of the 
synchronous machine. If no damper 
were present, there would be effective 
from the beginning the total network 
characteristic, formed by the reactances 
X-+«,+«,, the last two terms denoting 
the leakage reactances of stator and rotor 
separately. Point B on this characteristic 


Figure 16. Effect of magnetic saturation in 
path of leakage flux 


then would represent the current and 
would move down at a rate given by our 
previous considerations. With damper 
winding at the pole surfaces, however, not 
only the main-pole flux but also the rotor- 
leakage flux remains constant during the 
instant of switching, since the leakage 
flux is linked with the damper winding. 
Only the external field and the stator- 
leakage flux can vary, therefore, with the 
stator current, and this is represented by 
the line X+x, in Figure 15. This line 
intersects with the voltage of the con- 
stant-pole flux at point A, and this point 
is, therefore, the actual starting point. 
If the damper were as strong as the field 
winding, it would sustain the rotor-leak- 
age flux for some time, and point 4 would 
gradually move down along the stator 
line X-+x;. Actually, however, the 
rotor-leakage flux varies with the rela- 
tively small time constant 7, and, there- 
fore, the effective network characteristic 
turns rapidly from the initial line ¥+x, 
to the final position X-+x,+x, in an 
exponential manner, corresponding to 
e/T,, Tf Tris known, the intermediate 
characteristics for successive times can 
easily be drawn into the diagram. 

The turning of this effective network 
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characteristic corresponds to the rapid 


- decay of the transient rotor-leakage flux. 


During this time, which is usually of the 
order of a tenth of a second, the main flux 
and its electromotive force FE, also shown 
by Figure 15, have just started to move 
down over the shaded area at a rate given 
by the time constant 7; and the current 
difference Ai. The smaller the external 
load, the steeper is the external character- 
istic X and the smaller is the current 
difference Ai to which, according to equa- 
tion 28, the change of voltage with time 
is proportional. Thus, with known time 
constants and known characteristics, it is 
easy to trace the intermediate curve 
between stator and rotor lines in Figure 15 
on which the point A gradually moves 
down toward the final intersection of net- 
work and magnetic characteristics. 

If the leakage circuits of stator and 
rotor are saturated in any way,'>'® we 
can include this effect in our considera- 
tions. Instead of straight lines, we have 
merely to draw curved additional stator- 
and rotor-leakage lines, as in Figure 16. 
The total network characteristic now is 
composed of the external reactive voltage 
V and the internal leakage voltages E, 
and £,, both depending on the current J 
with different effects of saturation. Cor- 
responding to our previous consideration 
of saturated transients, Az. in Figure 16 
represents a current difference sustained 
by the damper circuit, which for some 
time keeps alive the rotor-leakage flux. 
The saturated rapid-transient variation 
therefore is given, corresponding to equa- 
tion 17, by 


lr, d(E/E,) pe 


29) 
dt 1g ( 


which is easy to evaluate graphically. 
According to this relation point A moves 
rapidly down to zero in a nonexponential 
manner, and the additional damper cur- 
rent Az. can be determined for any time t. 
Meanwhile the pole flux in the main mag- 
netic circuit decreases slowly according to 
equation 28 with the large time constant 
T;. Its current difference Az, in Figure 
16, thus changes only slightly while Az. 
drops to zero. 

Since the rotor-leakage flux does not 
change at the instant of switching due to 
the effect of the damper, only the stator- 
leakage flux, together with the external 
reactive flux, can vary with the stator 
current, the total armature flux remaining 
constant. As shown in Figure 17a, the 
stator current J jumps, therefore, to the 
characteristic point A and is built up to 
such a magnitude that it balances not only 
the increase of the exciting current but 
also the damper current. Thus the initial 
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+ alue I, of the stator current is given in 
Figure 17a by the horizontal distance be- 
tween the previous exciting current i; and 
the point A. The terminal voltage V is 
always given by the height of the external 
characteristic X in Figure 17a under the 
working point on the actual network 
characteristic. At the initial moment, 
V4 is found as the section under point A, 
the difference from the electromotive force 
E consisting in the stator-leakage voltage 
only, since the rotor-leakage flux does not 
vary at that instant. After some time, 
however, when the effective network char- 
acteristic has turned to its final position, 
the difference E—V is given always by 
the combined stator- and rotor-leakage 
voltage. The slow transient part of the 
terminal voltage originates at the value 
Vz under the point B, the difference 
V4— Vz being equal to the rotor-leakage 
voltage, and decreases toward the 
steady-state value V.. 


In Figure 17b the slow transient drop 
of the electromotive force E and the slow 
and rapid transient decay of the terminal 
voltage V are shown following sudden 
loading of the machine. The electro- 
motive force £, corresponding to the rotor- 
pole flux, decreases continuously from 
the no-load value, finally attaining the 
steady-state value at the intersection of 
both main characteristics. The terminal 
voltage, V, however, jumps from the no- 
load value, identical with the electro- 
motive force, by an amount caused by the 
suddenly appearing stator-leakage drop 
and reaching instantaneously V4. The 
rotor-leakage drop, on the other hand, 
does not occur suddenly but builds up 
gradually with the time constant 7», and 
thus effects a rapid decrease of the ter- 
minal voltage to the asymptotic curve be- 
ginning with V, and caused by the decay 
of the main-pole flux. The stator current 
follows a similar curve taken from the 
horizontal distances in Figure 17a and 
also shown in Figure 17b. 


Since at the first instant the damper 
acts merely as a supplement to the field 
winding, excluding any effect of the rotor 
leakage, we obtain the total rotor current 
at the instant of switching by drawing 
through the working point on the mag- 
netic characteristic, as in Figure 15, a 
parallel to the stator line X¥+x,. Later, 
however, after the decay of the rapid- 
transient magnitudes, we must draw the 
parallel to the total network characteristic 
X+x,+x, Thus the total rotor cur- 
rent starts with a high value i, and ap- 
proaches rapidly the slow transient cur- 
rent decreasing from the initial value 7, 
and finally reattaining the previous cur- 
rent 7;. Hence by the presence of the 
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damper winding, stator current, as well as 
rotor current, acquires a superposed 
rapid-transient peak which decays ex- 
ponentially with the time constant 7», 
while the excitation winding causes a 
subsequent slow-transient decrease deter- 
mined in its shape by the shaded area. 
The main-pole flux and the electromotive 
force E decrease continuously without 
superposed initial peak. 

The total transient rotor current con- 
sists of exciting current and damper cur- 
rent. During the slow-transient period 
both are produced by the same decreasing 
main flux, therefore inducing the same 
voltage per turn in the respective wind- 
ings. The subdivision of the slow-tran- 
sient current into its components is, there- 
fore, determined by the resistances or by 
the time constants of the exciting winding 
T, and the damper winding 74, as shown 
in Figure 15. The rapid-transient sup- 
plementary current Ai, on the other 
hand, induced by the decaying rotor- 
leakage flux, flows entirely in the damper 
circuit. Itis understood that the damper 
current is measured here in the scale of the 
field current and may be converted to its 
proper value by the turn ratio. 


5. Initial Conditions Under Load 


If the synchronous machine at the 
prior condition is not open-circuited but 
is under load, the initial fluxes in stator 
and rotor are not equal. In Figure 18 
the Potier-Sumec load triangle, or rather 
quadrangle,* is shown in which point a 
marks the magnitude of the stator flux, 
and 6 that of the rotor flux, which is 
larger, because of the increased rotor 
leakage flux under load. Figure 18 repre- 
sents the phenomena occurring under a 
sudden short circuit near the machine 
terminals, so that the external character- 
istic vanishes completely, and only the 
rotor- and stator-leakage characteristics 
remain, both of the same order of mag- 
nitude. Without a damper, the pole flux 
corresponding to point b would remain 
constant at the instant of switching, and 
the current difference between B and b 
would move down the shaded area, ac- 
cording to equation 17. 

This simple process is altered in two 
respects by the presence of a damper. 
First, the saturated time constant for the 
rotor-pole flux is increased to the value of 
the first equation 27, and thus the current 
difference Ai moves more slowly accord- 
ing to equation 28. Second, not only the 
pole flux but also the rotor-leakage flux, 
and therefore the total armature flux, re- 
main constant at the instant of switching. 
Since this stator flux for the prior load 
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condition is given by the point a in Figure 
18, the corresponding point on the stator 
leakage characteristic up to which the flux 
can vary instantaneously is A, and, 
therefore, the stator current jumps from 
the prior value J, to the large value I 4. 
This is the instantaneous value of the 
stator short-circuit current and its mag- 
nitude is 


Eotk £ 

LO raed poeta a (30) 
Xs Xs 

It exceeds the no-load instantaneous 


current merely by the value of the prior 
load current, as was also the case without 
damper action. 

With the decay of the rapid-transient 
rotor-leakage flux, the characteristic line 
x, turns, with an exponential time con- 
stant 7», to the total leakage character- 
istic x,+«,. Meanwhile the main-pole 
flux with the electromotive force E moves 
down, producing a slow-transient stator 
current beginning at point B with the 
value 


a fon Een hree Se 


Ip 
Xs +x, Xs +X, 


athe (31) 
Thus both the initial short-circuit cur- 
rents are determined mainly by the prior 
terminal voltage #, and the stator- and 
rotor-leakage reactances. 

The peak of the rapid-transient current, 
on the initial value of the slow-transient 
current, Figure 17, is given by the differ- 
ence of equations 30 and 31 and is large 
with terminal short circuit. With distant 
short circuits, however, where the de- 
nominators of equations 30 and 31 con- 
tain, in addition, the external impedance, 
the peak is, without prior load, 


linia Xr 


= 32 
Iz X +Kx5 \ ) 


a ratio indicated in Figure 17, and this 
excess value becomes less significant the 
larger the external impedance. 

When evaluating the stator currents 
from such diagrams, it should be noted 
that the scales for the two currents I , and 
IT, are slightly different, due to the fact 
that the ratio of stator current to rotor 
current is given mainly by the turn ratio, 
but is also slightly dependent on the leak- 
ages. I,, however, is determined only 
by the stator leakage, while I, is deter- 
mined by both stator and rotor leakages. 

We can now abandon our conception of 
a lumped damper winding as in Figure 14, 
which gives a fixed value of secondary 
time constant. It is well-known that mul- 
tiple circuits, extended in space, as they 
are used with squirrel-cage dampers and 
also with solid cylindrical rotors, have not 
one single time constant but a series of 
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exponential time constants, each belong- 
ing merely to a partial amplitude of the 


current. This means that the flux 
through distributed dampers does not de- 
cay exponentially but according to a more 
complicated time function, beginning 
rapidly and ending slowly. Thus we have 
to turn the effective leakage characteris- 
tic from the stator line to the rotor line 
in Figures 15-18, not exponentially, but 
quickly at first and more slowly finally, 
approaching the speed of the lowest rapid- 
transient time constant. Hence we see 
that the starting and ending lines of the 
rapid-transient period always go through 
the points A and B, and that only slight 
alterations result in the intermediate posi- 
tion of the effective characteristic. The 
initial and final values of the rapid- and 
of the slow-transient voltages and cur- 
rents also remain unchanged. 

It may be noted that the slow-transient 
and rapid-transient phenomena of this 
investigation are not identical with the 
transient and subtransient phenomena 
commonly used.1%1118 Figure 19 shows 
for a sudden short circuit the difference 
between the two conceptions. The ‘‘sub- 
transient” current is usually defined as 
the difference between the actual change 
of the current with time and the “‘tran- 
sient’”’ exponential asymptote, which has 
a time constant equal to the longest sub- 
tangent. This latter curve, drawn back- 
wards as dashed in Figure 19, lies con- 
siderably deeper than the slow-transient 
curve which has a smaller subtangent in 
the beginning due to the magnetic satura- 
tion. The ‘“‘transient reactance,” defined 
by the start J’ of the slowest exponential 
asymptote, is therefore with saturated 
machines materially greater than the sum 
of stator- and rotor-leakage reactances, 
the sum giving the beginning J. 

Let us consider some further cases 
which are of interest in the operation of 
synchronous machines. Figure 20 shows 
the phenomena at the clearing of a short 
circuit near the terminals after which the 
machine again supplies a certain load. 
The diagram contains the stator- and 
rotor-leakage characteristics for the prior 
short-circuit operation, and the network 
characteristic for the final operation, in- 


304 TRANSACTIONS 


xp and 
1 
----} voltages and currents 
\ xtxs at sudden inductive 


Figure 47. Slow- 
rapid-transient 


loading 
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cluding stator and rotor leakages sepa- 
rately. At the instant of interrupting the 
short circuit, the rotor-pole flux:starts on 
the magnetic characteristic at a point b 
given by stator-plus rotor-leakage char- 
acteristic. The pole flux and electromo- 
tive force change, according to the shaded 
area, with the difference current Az be- 
tween magnetic characteristic and total 
network characteristic. This construc- 
tion is the same as would be used without 
damper action except that the time con- 
stant is somewhat larger, namely 7}. 
This gives the initial slow-transient ter- 
minal voltage Vg, and the subsequent 


change with time, as shown in Figure 20b, | 


up to the final voltage V.. 

However, the actual armature flux at 
the instant of switching is given by the 
stator-leakage flux only, corresponding to 
point a, and this leakage flux alone can 
jump at the instant of switching. Thus 
only the stator-leakage characteristic 
jumps suddenly to the network stator line 
X-+x, through point A in Figure 20a. 
The initial terminal voltage immediately 
after interruption of the short circuit is, 
therefore, given by V4 as the vertical 
difference between the two stator lines, 
under load and under short circuit. The 
difference between the two voltages Vz, 
and. V 4, corresponding to the initial rotor- 
leakage flux, decays rapidly with the 
small time constant T2, as shown in Fig- 
ure 20b. Hence, the terminal voltage, 
being zero during the time of short cir- 
cuit, jumps with the interruption in- 
stantaneously to a value determined by 
the prior stator-leakage drop, then in- 
creases rapidly due to the vanishing rotor- 
leakage flux sustained for a short time by 
the damper winding,'” and finally creeps 
slowly upward due to the reappearing 
main-pole flux of the machine. 

This change with time of the recovery 
voltage is important in the operation of 
circuit breakers interrupting a short-cir- 
cuit current. We see that this voltage 
consists of three parts, the rate of ascent 
of which for full interruption of the cur- 
rent we will compute. The first step is the 
instantaneous appearance of the prior 
stator-leakage voltage V, at the terminals. 
The rate of increase is V,/O, and this in- 
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Figure 18. Influence of stator and rotor 
leakage at sudden short circuit of previously 
loaded synchronous machine with damper 


dicates that an overshooting of voltage 
can occur if capacitance is present in the 
circuit. The second step is constituted 
by the prior rotor leakage voltage V, and 
its rate of change is determined by the 
small time constant as V,;/T». The third 
step, following the magnetic saturation 
curve with the time constant 7}, is given 
by equation 28. Thus the total initial 
rate of increase of the recovery voltage is 


Give © 
oO 


af, - (33) 
dt T; to 


Usually the second term is five to ten 
times as large as the third term, and, 
therefore, the subsequent increase of the 
recovery voltage is determined mainly by 
the rotor-leakage voltage and the rotor- 
leakage time constant. 

The stator current flowing into the load, 
given by the horizontal distance between 
the network characteristic and the verti- 
cal through the steady-state excitation, 
starts with relatively small magnitudes 
I, and I, and increases slowly to its final 
value. The transient rotor current is 
again cut off on the axis of abscissae by a 
parallel to the final network characteristic 
and divides into a larger exciting current 
and a smaller damper current in the ratio 
of the time constants T, and Ty. 

The sudden capacitive loading of a syn- 
chronous generator is shown in the dia- 
gram Figure 21. An extension of our pre- 
vious Figure 8, this figure shows the transi- 
tion from full inductive load to full capaci- 
tive load under the influence of magnetic 
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Figure 20. 
circuit of synchronous machine with damper 


saturation and damper circuits. 


Interruption of terminal short 


The 
slow-transient voltage is determined by 
the large time constant 7, and the shaded 
current difference, Ai beginning between 
the complete network characteristics 
under full inductive and full capacitive 
load. Superposed are the rapid-transient 
magnitudes given by the turning of the 
stator line to the rotor line of the final ca- 
pacitive characteristic. The terminal volt- 
age starts with a jump from E, to the ver- 
tical height V , through point A of the sub- 
sequent stator line, indicating unchanged 
stator flux, and approaches the rotor line 
through point B at constant rotor flux. 
In Figure 21b the change with time of 
stator voltage and rotor current is repre- 
sented. The voltage increase due to 
stator leakage is instantaneous, the in- 
crease due to rotor leakage is rapid, and 
the increase due to the main flux is rela- 
tively slow. The-exciting current jumps 
to a small value and regains its prior value 
gradually. The stator current also jumps 
suddenly from the inductive to the capaci- 
tive direction and increases further to its 
final value, J.., given by the intersection 
of the characteristics. Actually, all dis- 
continuities of voltage and current are 
smoothed by a superposed transient oscil- 
lation between the capacitance and the 
inductance. Since the natural period of 
these oscillations is always small compared 
even with the time constant of the damper 
winding, only the stator leakage is effec- 
tive and determines the natural frequency. 
We have assumed in the beginning that 
the magnetic saturation is concentrated 
in the rotor poles, a condition under 
which the Potier-Sumec quadrangle of 
Figure 18, for example, is a straight-line 
figure. If, however, the stator is also 
saturated in yoke and teeth, the increased 
rotor-leakage flux needs additional excita- 
tion by rotor saturation alone, and thus 
point a approaches the main magnetic 
characteristic. In every case, character- 
istics for the total stator flux and total 
rotor flux can be plotted separately’? and 
used in an equivalent manner, as the cor- 
ners of the straight-line quadrangle have 


June 1942, Vor. 61 


‘ 


been used for rotor-pole saturation only, 

Although for the sake of simplicity our 
deductions have been confined to sym- 
metrical, three-phase, reactive load hav- 
ing a straight-line external characteristic, 
there is no restriction in principle against 
using our graphical method for other 
conditions of load. Any active load also 
gives a definite correlation of voltage and 
stator current, except that we must con- 
sider, with respect to the armature reac- 
tion within the machine, the internal re- 
active component only. This can be done 
by methods well-known in the two-reac- 
tion theory of synchronous machines. 
With any kind of constant-impedance 
load, the external characteristic, and, 
therefore, the total network characteris- 
tic, including leakages, remains linear. 
Even unbalanced loads, as under line-to- 
neutral or line-to-line short-circuit condi- 
tions, can be treated in the same way ex- 
cept that only their positive-sequence 
component enters the graphical analysis. 
The remaining negative-sequence and 
zero-sequence components, on the other 
hand, do not interact materially with the 
synchronous fields of the machine if 
damper circuits are present. 

If, finally, the load consists of other 
synchronous or induction motors which 
generate a counterelectromotive force and, 
therefore, prevent the external character- 
istic from passing through the origin, or 
if the load consists of transformers with 
magnetizing currents increasing rapidly 
with the voltage, the network characteris- 
tic may become flat-topped or markedly 
curved. Since, however, the linearity of 
the network characteristic does not play 
any part in our derivations, we see that 
our general method of solution remains 
unchanged even in such more complicated 
cases. 


6. Summary 


By reducing to the same parameter 
with saturation the voltage-current equa- 
tions for stator, rotor, and magnetic cir- 
cuits of synchronous machines, a differ- 
ential equation in time for the main-pole 
flux and the induced electromotive force 
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Figure 21. Capacitive loading of synchronous 
machine with damper 


is derived, a relation easy to evaluate 
graphically, The difference of current 
between the magnetic characteristic of 
the machine and the electric characteris- 
tic of the stator circuit determines the rate 
of change of the electromotive force from 
which all the other slow-transient mag- 
nitudes can be derived. 

For constant excitation voltage, a closed 
solution for the variation of flux and elec- 
tromotive force is given, valid for any 
sudden change of load, including short- 
circuit current formation or capacitive 
superexcitation. The combined effect of 
damper circuits and rotor leakage causes 
a superposed rapid-transient variation 
manifested by an additional current peak 
at sudden short circuits and by a rapid 
initial voltage rise at sudden interrup- 
tions of the circuit. 

The method of solution is in principle 
independent of the distribution of the 
saturation on rotor and stator, as well as 
of the character of loading of the machine, 
be it by constant or variable impedance, 
by symmetrical or unbalanced currents, 
by active or reactive power. The com- 
mon subdivision into transient and sub- 
transient phenomena is not identical with 
the separation into slow- and rapid-tran- 
sient effects, the physical significance of 
which is derived in this paper. 
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Control of Tie-Line Power Swings 


C. CONCORDIA 


MEMBER AIEE 


HE object of this paper is to present 

the results of an analytical study of 
tie-line power control. This study was 
made as a logical development of the 
general subject of power system control. 
Previous work!” has indicated the gen- 
eral requirements of the prime-mover 
speed governors and the desirability of 
supplementary control to insure proper 
load division, frequency, and time. The 
general requirements of supplementary 
controls are given in the companion 
paper’ by Crary and McClure. In most 
cases these controls are satisfactorily ob- 
tained as rather slow corrective adjust- 
ments to the speed-governor mechanisms, 
but for certain types of load a more active 
tie-line load controller, which will tend to 
suppress transient load swings also, may 
be required. An example of this is a rap- 
idly varying load, such as a strip mill sup- 
plied from local generation as well as from 
a tie to a larger power system, in which 
it may be desirable to keep the load varia- 
tions off the tie line as much as possible. 

The characteristics and response of this 
kind of more active tie-line load controller 
have been studied in order to determine 


1. The best tie-line controller and speed- 
governor characteristics (that is, the best 
controller characteristics for a given gover- 
nor, and conversely the best governor char- 
acteristics for a given controller) to give the 
most effective tie-line power control. 


2. The maximum effectiveness of the opti- 
mum controller in reducing the magnitude 
of tie-line power swings. 


Basis of Study 


The approximate torque equations for 
two interconnected speed-governed power 


H. S$. SHOTT 


ASSOCIATE AIEE 


C. N. WEYGANDT 
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systems were given in reference 2. Each 
system was represented as a single ma- 
chine having an equivalent inertia, load- 
damping, and speed-governor characteris- 
tic, and the capacity of the tie line was 
specified by synchronizing torque and tie- 
line damping torque coefficients. In 
the present analysis the equation for one 
of the systems includes the additional 
effects of a tie-line power controller and 
(for a few cases) a speed droop-correction 
mechanism. The other system is con- 
sidered to be infinitely large, that is, its 
electrical angle is fixed with respect to 
the standard frequency reference. The 
torque equations used and the definitions 
of the various system parameters are 
given in the appendix. 


GOVERNOR MECHANISM 


Speed-change and tie-line controller 
indications are applied to an idealized 
governor-control mechanism? consisting of 
a two-stage amplifier with time lags 7; 
and J» and an over-all amplification factor 
inversely equal to the governor regula- 
tion. The prime-mover input torque 
change is equal, therefore, to the output 
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of the second stage. Since the degree of 
‘stability of this idealized system tends 
to be somewhat greater than that of an 
actual governor having more than two 
time lags, practically all of the results 
have been obtained under the least stable 
condition of equal time lags.? In cer- 
tain cases, the effects of droop correction 
have been simulated by allowing the 
regulation to decrease from the transient 
value, R, to the steady-state value, r, at 
a rate defined by the time constant T3 
of the droop compensation mechanism. ? 


Tin-LINE CONTROL 


In the usual type of tie-line controller, 
the indications are transmitted inter- 
mittently at equal time intervals to the 
governing system through the synchroniz- 
ing motor which is operated from a con- 
stant potential source. During each of 
the equal time intervals, usually of the 
order of two second period, the motor cir- 
cuit is closed a length of time propor- 
tional to the deflection of the controller 
galvanometer or load sensitive device at 
the beginning of the interval. The aver- 
age effect of these impulses is to change 
the synchronizing-motor position, and, 
consequently, the magnitude of the prime- 
mover input correction, at a rate pro- 
portional to the deviation in tie-line 
power from the scheduled value. Some 
of the results obtained from the dif- 
ferential-analyzer solution of the problem 
include the effects of this intermittent 
controller. 


It is assumed that when using the cor- 
responding continuously acting controller, 
the type principally considered in this 
analysis, the control circuit will be ar- 
ranged to operate the synchronizing motor 
at a speed proportional to the tie-line 
power deviation. The rate of correction 
is inversely proportional to the controller 
regulation R,’; or, R;’ is a measure of the 
time required to change the synchroniz- 
ing-motor position an amount equivalent 


THEORY OF SYNCHRONOUS MacHINES, R_ E. 
Doherty and C. A. Nickle. AIEE TRANSACTIONS 
volume 45, 1926, page 912. 


7. Tue REACTANCES OF SYNCHRONOUS MACHINES, 
R. H. Park and B. L. Robertson. AIEE Trans- 
ACTIONS, volume 47, 1928, page 514. 


8. VOLTAGE CONTROL OF LARGE ALTERNATORS, 
H. W. Taylor. Journal of the Institution of Elec- 
trical Engineers, volume 68, 1930, page 317. 


9. SCHALTVORGANGE BEIM BETRIEB GESATTIGTER 
SYNCHRONMASCHINEN, R. Riidenberg. Wissen- 
Schaftliche Veréffentlichungen aus dem Siemens- 
Konzern, volume 10.1, 1931, page 1. 


10. CALCULATION oF SyYNCHRONOUS-MACHINE 
CONSTANTS—RBEACTANCES AND TIME CONSTANTS 
AFFECTING TRANSIENT CHARACTERISTICS, L. A. 
Kilgore. AITEE Transactions, volume 50, 1931, 
page 1201. 


11. DETERMINATION OF SYNCHRONOUS-MACHINE 


306 TRANSACTIONS 


ConsTANTS BY TeEsT, S. H. Wright. AIEE Trans- 
ACTIONS, volume 50, 1931, page 1331. 


12. CALCULATION OF GENERATOR OVERVOLTAGE, 
J. W. Butler, ExvecrricaL ENGINEERING, volume 
51, 1932, page 163. 


13. EQUIVALENT REACTANCE OF SYNCHRONOUS 
Macuines, S. B, Crary, L. P. Childneck, and L. A. 
March. AIEE Transactions, volume 53, 1934, 
January section, page 124, 


14, SATURATED SYNCHRONOUS REACTANCE, Charles 
Kingsley. AIEE TRANSACTIONS, volume 54, 1935, 
March section, page 300. 


15. EFFECTS OF SATURATION ON MACHINE RR- 
actancss, L. A. Kilgore. AIEE TRANSACTIONS, 
volume 54, 1935, May section, page 545. 


16. TEst VaLuES oF ARMATURE LEAKAGE RbB- 
ACTANCE, F, A. Rogers. AIEE TRANSACTIONS, 
volume 54, 1935, July section, page 700. 


17. Der EINFLUSS DER LAUFERSTREUNG AUF DEN 


Concordia, Shott, Weygandt—Tie-Line Power Swings 


SPANNUNGSVERLAUF VON SYNCHRONMASCHINEN 
MIT DAMPFERWICKLUNG BEI PLOTZLICHEN LAsT- 
ANDERUNGEN, J. Tittel. Wéissenschaftliche Veréf- 
fentlichungen aus den Siemens-Werken, volume 15.1, 
1936, page 35. 


18. FUNDAMENTAL CONCEPTS OF SYNCHRONOUS- 
MacuInE Reacrances, B, R. Prentice. Supple- 
ment to AIEE TRANSACTIONS, volume 56, 1937, 
page l., 


19. APPROXIMATING POTIER REACTANCE, S. 
Beckwith. AIEE Transactions, volume 56, 1937, 
July section, page 813. 


20. Srapirity CHARACTERISTICS OF TURBINE 
GENERATORS, C. Concordia, S. B. Crary, and F. M. 
Lyons. AIEE Transactions, volume 57, 1938, 
page 732. 


21. DamPEeR Circuits AND Rotor LEAKAGE IN 
THE TRANSIENT PERFORMANCE OF SATURATED 
SyNcHRoNouS Macuings, R. Riidenberg. Journal 
of the Franklin Institute, volume 233, 1942. 


ELECTRICAL ENGINEERING 


+ ops 
s 
7° 
es 
fox 
a) 
0 
hs 
= 


1 ame 


DAMPING FACTOR 


Saaiiem 
\\ 
|| UNSTABLE 


Os. 167 20 50 © 20 50 
GOVERNOR TIME LAG (T, + Tg) 


Figure 1. System stability—effects of droop 
compensation and of the floating type of tie- 
line control 
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to a prime-mover torque change AP, 
when the controller is actuated by a fixed 
tie-line power deviation AP. The tie- 
line controller time constant 7, is a 
measure of the time lag in the tie-line 
controller and synchronizing-motor re- 
.sponse. Control circuits based on these 
principles are sometimes referred to as 
the ‘‘floating type” in that the correction 
is applied at a rate proportional to the 
change in the controlled variable, and the 
adjustment continues until the variable 
is restored to its normal value. 

A “proportional type”’ of control is one 
that exerts a correcting force propor- 
tional to the change in the controlled 
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Figure 2. System stability—effect of time lag 
in the tie-line controller 
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Figure 3. System stability—effects of floating 
type of tie-line control 


Larger tie-line synchronizing power coefficient 
than that of Figures 1 and 2 


quantity, as would be obtained, for 
example, with a tie-line controller that 
actuates a torque motor connected to the 
governor mechanism. The correspond- 
ing controller regulation, R;,, specifies 
that a tie-line power change AP results 
in a corrective indication equivalent to a 
prime-mover torque change AP/R, A 
time lag 7; is associated with this control 
system in the analysis. 


LoAD-TORQUE CHANGE 


The distribution of load increments be- 
tween two systems is determined at the 
first instant by the electrical characteris- 
tics. In this study the entire load-torque 
change AT has been applied directly to 
the smaller system; a condition that 
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Figure 4. System stability—effects of floating 
type of tie-line control 


Larger governor regulation than that of Figures 
1 and 2 
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would be realized if the impedance to 
the smaller system from the point of load 
application were negligibly small with 
respect to the impedance to the larger 
system. This assumption is justified, 
since most of the data have been taken 
with a tie line of small capacity with 
respect to even the smaller system. 


MaximuM RATES OF RESPONSE 


In order to prevent large tie-line power 
swings the prime-mover power input to 
each system must vary with its load. 
The over-all power input to a group of 
generating units is limited, however, to a 
maximum rate depending upon the steam 
storage or hydraulic capacities of the 
various units. In some cases this rate 
may be of the order of ten per cent of the 
regulated capacity per minute. 

Although these practical limitations 
have an important bearing upon the gen- 
eral problem of tie-line control, the ideal 
condition of an infinite prime-mover 
energy source has been assumed for the 
purpose of evaluating the desirable char- 
acteristics of the controller and govern- 
ing systems. 


Discussion of Results 


One criterion for determining the 
optimum governor and tie-line controller 
characteristics is that the over-all system 
performance should be as stable as pos- 
sible. Therefore, the effects of the vari- 
ous parameters upon system frequency 
stability have been studied. The direct 
calculations of stability limits are neces- 
sarily limited to those cases involving 
continuously acting (linear) tie-line con- 
trol equipment. 

Another desirable condition is that the 
tie-line power swings should be reduced 
to a minimum. The tie-line power 
changes for given load changes, calculated 
by means of the differential analyzer at 
the Moore School of Electrical Engineer- 
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Figure 5. Permissible governor regulation 
and tie-line controller correcting time—effect 
of governor time lag 


M=4,000 T;=0.1 R=0.06 
a h=le h=0 
l= co 


TRANSACTIONS 307 


SYSTEM DAMPING (Td) 


Hol 02) wO5i Omen = S010 ar20 
GOVERNOR TIME LAG (T+Tp) 


Figure 6. System stability—effect of propor- 
tional tie-line control 


ing, University of Pennsylvania, are used 
as a basis for the conclusions regarding 
this phase of the problem. 


STABILITY 


Figure 1 shows the required load or tie- 
line damping as a function of total 
governor time lag, with various tie-line 
controllers, when the tie-line capacity is 
relatively small (T;=0.1). The effect of 
the tie-line controllers may be seen by 
comparing the corresponding curves with 
the one obtained for a system having no 
tie-line control, R,/=«. Also shown 
with this reference curve, which is similar 
to those of Figures 3 and 4 of reference 2, 
are the comparable points for a system 
having the same transient regulation, 
R=0.06, but a steady-state regulation of 
r=0.03 following the operation of a 
droop-correction mechanism with a time 
constant five times that of the governor 
control system. The stability limits are 
not appreciably changed provided the 
time lag T; is sufficiently long. 

1. ‘Floating’ Control. The effect 
of a floating type of tie-line controller 
(Figure 1) with relatively slow correcting 


rate, R,/=10 secorids, and zero time lag, 
T,=0, is to introduce a critical value of 
governor time constant above which the 
system is unstable regardless of the value 
of system damping. In the range of 
T:+T> less than the critical value, how- 
ever, the unstable region is very nearly 
the same as that obtained with no tie-line 
control, R;/= ©. 

With a much faster correcting rate, 
‘R;/=1 second, the critical governor time 
lag is proportionally smaller, but the 
maximum value of required Tg within 
the stable region is reduced to less than 
half that required without tie“line con- 
trol. The comparable points obtained 
for a governor having droop correction 
give a somewhat lower critical governor 
time lag. This difference appears, be- 
cause R,’ has been taken as a measure of 
the equivalent correcting time when the 
controller indication is amplified only ac- 
cording to the transient governor regula- 
tion R, whereas the actual amplification 
of the adjustments increases as droop 
correction is applied. 

The dashed curves of Figure 1 give the 
required tie-line damping, T4,., with zero 
system damping, Tg=0, and are com- 
pared with the corresponding solid curves 
of required Tg with Tg.=0. With both 
types of damping present the curve of re- 
quired total damping, 7g+Tay, would 
lie between the two. 

Introduction of time lag, 74, in the 
tie-line control system (for example, in 
the synchronizing motor) results in a 
lower critical value of 7;+7>, Figure 2, 
but otherwise the unstable region is not 
appreciably changed. Moreover, the per- 
centage decrease of the critical governor 
time constant is more nearly a function 
of the ratio 7,/R,’ than of Ty alone. 

Figure 3 gives the required damping 
versus governor time lag when the tie- 
line capacity is much greater (T,=1.0). 
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As shown in reference 2, and also by com- 
parison of Figures 2 and 3, the maximum 
required Jy is unaffected, but the un- 
stable region occurs in a range of lower 
values of 7;+7>, when 7, is increased. 
The critical governor time lag introduced 
as a result of tie-line control is practically 
independent of 7,, and is approximately 
equal to 4R,’ for zero controller time lag 
and small system damping. 

Results calculated with a larger regula- 
tion (R=0.12) and small tie-line capacity . 
(T;=0.1), Figure 4, are compared with 
those of Figures 1 and 2 for R=0.06. 
Without tie-line control (R,/= ©) the 
maximum required T , is inversely pro- 
portional to the governor regulation, and 
the comparison of the unstable areas is 
similar to that of Figure 3, reference 2. 

The other curves of Figure 4 indicate 
that the critical governor time lag is 
practically independent of R as well as 
of T;. Furthermore, the magnitude of 
the maximum required Tz within the 
stable region decreases with increasing 
rate of tie-line correction. At a value 
of R,’ numerically equal to MR/2zxf 
seconds correcting time, the system be- 
comes stable for all governor time lags 
less than its critical value as shown by the 
curve for R;/=1.27. At any greater rate 
of correction (R,/=1 is an example) how- 
ever, and if the system damping is small, 
instability may occur in the range of 
small governor time lags. Therefore, 
the maximum allowable rate of tie-line 
correction (minimum R,’) is afunction of 
governor regulation as well as of system 
damping and of governor time lag. Or, 
conversely, there is an optimum governor 
regulation smaller than one that causes 
instability, because of the above men- 
tioned condition, and greater than one 
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Figure 9. Floating control—magnitudes of tie- 


_line power swings as affected by the rate of 


correction 
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that causes instability, because of the 
large required Tz under normal conditions. 
One general rule for determining the maxi- 
mum allowable rate of tie-line correction 
is, therefore, that R,’ should be greater 
than MR/27f; that is, the possibility 
of an unstable region similar to the one 
for R,’=1, Figure 4, should be avoided. 

If the time lag of the governor is rela- 
tively large, instability is approached as 
the critical governor time lag approaches 
the actual time constant of the particular 
governing system. Under these condi- 
tions the minimum allowable R,’ is prac- 
tically independent of the governor 
regulation, and with zero controller time 
lag it is approximately equal to four times 
the total governor time constant. 

The above conclusions are substanti- 
ated by the curves of Figure 5 showing 
the permissible governor regulation ver- 
sus correcting time of the tie-line con- 
troller for several different governor time 
constants and with 7;=2, T,=0. The 
minimum allowable R;’ is in allcases a 
function of governor time constant, but 
for large values of governor time constant 


Figure 11. Floating control—tie-line power 
deviation as affected by the governor regula- 
tion and by the rate of tie-line correction 
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(T1+Ty2 equal to 2.12 and 4,24 seconds) 
it is practically independent of governor 
regulation, 

2. ‘Proportional’ Control. When 
the proportional type of tie-line controller 
is used, the steady-state change in tie- 
line power resulting from a load-torque 
change AT is (equation 1 of the appendix 
with p=0), 
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The effects of a proportional controller 
with a very broad regulation, R,=1.0, 
upon the stability limitations of the sys- 
tem having six per cent governor regula- 
tion and small tie-line capacity, T,=0.1, 
are shown on Figure 6. With zero 
controller time lag, T;=0, the region of 
instability and the maximum required 
Tg are both considerably greater than 
those calculated with no tie-line control. 
Satisfactory results are obtained, how- 
ever, by adding a small amount of time 
lag as demonstrated by the results ob- 
tained with 7Z;=1.06 seconds. This 
value of controller regulation allows wide 
swings of tie-line power in that the load 
changes are equally divided between the 
two systems. 

A controller regulation of R,=0.1 is 
more nearly desirable in that the steady- 
state tie-line power change is limited to 
approximately nine per cent of the load 
change. With zero controller time lag, 
Figure 7, the required system damping is 
excessively large ‘over the entire practical 
range of governor time lags. As the 
controller time lag is increased, the stable 
region in the range of small governor time 
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Figure 10. Floating control—magnitudes of 
tie-line power swings as affected by the rate of 
correction and by droop compensation 
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lags is progressively changed until it 
acquires a form similar to the curves cal- 
culated with the R,’ type of controller. 
This effect is shown by the curves for T; 
equal to four and six seconds, Figure 7. 

The response of a proportional con- 
troller with a time lag 7; is given in the 
appendix as, 


coe AP. 
R pRiTs+R, 


as compared to the response of the float- 
ing-type controller without time lag, 


That is, for small R, and large 7; the 
product of the two is the governing factor 
as regards controller response, and this 
factor corresponds to the R,’ type of 
regulation. 
Figure 8 is a good illustration in that 
the results for R,=0.01 and T; equal to 
60 and 120 seconds are similar to those of 
Figure 4 for the other type of control. 


Figure 12. Effect of time lag in the floating 
type of tie-line control 
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One disadvantage of proportional con- 
trol is that it may require a more com- 
plicated mechanism for use with most 
governors. Furthermore, provision for 
obtaining a wide range of time lags may 
be required depending upon the required 
range of tie-line regulation. 


TIE-LINE POWER SWINGS 


The differential analyzer results were 
recorded in the form of curves of tie- 
line power, frequency, prime-mover 
torque, and controller response versus time 
during periods of large variable loads. 
A severe type of variable load, such as 
that furnished by a strip mill, is one in 
which a total variation as great as 50 
per cent of the local generation capacity 
occurs in cycles of the order of one- 
minute periods. As an approximation 
to this condition, one set of runs was taken 
with a smooth load cycle in which AT 
increases at a uniform rate from zero to 


Figure 15. Floating control—effect of gover- 
nor regulation on the tie-line power deviation 
for a system having larger damping factor 
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0.5 per unit in 21.2 seconds, remains con- 
stant for another 10.6 seconds, decreases 
at a uniform rate from 0.5 to zero in 
another 21.2 seconds, and so on. Be- 
cause the decreasing AT was applied from 
a transient condition, the magnitudes of 
the power swings during this period were 
occasionally greater than those of the in- 
creasing AT period. For the purposes 
of comparing the effects of various con- 
trol characteristics on a common basis, 
therefore, the results presented in this 
paper give only the magnitudes of the 
swings up to the time at which the de- 
creasing AZ was applied. Another set 
of runs was taken with continuously in- 
creasing AT applied at a fixed rate. 

1. Floating Control. Governor- and 
tie-line-controller time lags each equal 
to 1.06 seconds, system damping of 7,= 
2.0, and small tie-line capacity (T,=0.1), 
were assumed for one set of conditions. 
The curves of tie-line power versus time, 
Figure 9, show the relative effects of 
three different rates of controller re- 
sponse for a system having a governor 
regulation of R=0.0625. The load 
torque AT was increased uniformly from 
zero to 0.5 per unit in 21.2 seconds 
(point 1 on the time scale) and was then 
held constant for the remainder of the 
time interval shown. Of the three values 
of R,’ used, the smallest is most effective 
in limiting the power deviation, but this 
does not mean that R,’ should be de- 
creased further. Although the system 
inertia and regulation are not exactly 
the same as those used in the stability 
calculations, the minimum allowable Ry! 
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for stable operation may be estimated by 
considering the location of this operating 
point (7;+7.=1.06 and T,=2.0) within 
the stable regions of Figures 1 and 2. 

The tie-line power swings shown in 
Figure 10 are for a system with the same 
transient regulation (R=0.0625), but 
with a steady-state regulation of r= 
0.03125 obtained by means of a droop- 
correction mechanism having a time lag 
T3=5.44 seconds. The run taken with 
R,/=0.68 second demonstrates the in- 
stability resulting from too rapid tie- 
line power correction. As stated previ- 
ously, R,’ is a measure of the equivalent 
correcting time when the amplification 
is inversely equal to the transient regula- 
tion R. 

The maximum power swings of these 
runs, as well as those taken with 
governor regulations of 0.125 and 0.0417, 
are compared on Figure 11. The opti- 
mum controller response is nearly equal 
to that corresponding to the minimum 
allowable R,’, and under the assumed 
conditions the optimum governor regula- 
tion is of the order of six per cent. The 
tie-line power swings are not improved by 
adding droop correction. 

Using the approximate optimum values 
indicated above, R;/=1.36 seconds and 
R=0.0625, the controller time lag was 
varied. As shown by the curves of 
Figure 12, 7, should be made as small as 


Figure 16. Floating control—effect of gover- 
nor time lag 
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tate of tie-line correction when there are no 
governor or controller time lags 
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possible. This conclusion is compatible 
with the results of the stability calcula- 


tions. 


Figures 13 and 14, curves of prime- 
mover input torque change versus time 
and of synchronizing motor speed versus 
time, respectively, are for the same condi- 
tions as the power swing of Figure 12 
with 74,=2.12. All of these quantities 
depend, of course, upon the rate of load- 
torque change. In actual practice a 
maximum correcting rate may be imposed 
because of boiler limitations, and so 
forth, previously discussed. The dashed 
curves of Figures 13 and 14 may be 
interpreted as showing the expected 
response of an idealized control system 
having no controller or governor time 
lags and zero correcting time. 

Natural frequency components of tie- 
line power swings are effectively reduced 
when the system damping is increased 
The curve for 
R=0.0625 is compared with that of 
Figure 9 for Tgz=2 and R,’/=1.36. It is 
observed that the maximum power 
swings are approximately equal. Al- 
though the larger system damping factor 
allows the use of a smaller governor 
regulation (R=0.03125), no appreciable 
over-all improvement is realized. 

All of the remaining differential- 
analyzer runs were taken with a continu- 
ally increasing load torque. For ex- 


Figure 18. Proportional control—tie-line 
power deviation as affected by the controller 
time lag 
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Figure 19. Summary of Figure 18 in terms of 
the equivalent controller correcting time 
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ample, the effects of variations of the 
governor time constant are given on 
Figure 16 with AT applied at the rate of 
full torque change in 42.4 seconds. The 
system damping is 7g=2, and the 
governor regulation is R=0.0625. The 
rate of tie-line correction (R,/=1.36) is 
the approximate optimum value (Figure 
11) when the governor and controller 
time constants are each equal to 1.06 
seconds. The curves are of interest in 
that an increase of governor time con- 
stant results in greater tie-line power 
swings. At a critical governor time lag 
of 2.04 seconds, the system becomes un- 
stable. 

The optimum rate of tie-line correction 
depends upon the time constants of the 
control system. In the limiting case of 
zero controller and governor time lags, 
Figure 17, the maximum tie-line power 
change is less with R,’=0.68 than with 
R, =1.36, although the natural frequency 
oscillations are not damped out as rapidly. 
The smaller R,’ is the one equal to 
MR/2xf seconds correcting time (see 
section on stability). 

2. Proportional Control. The curves 
of Figure 18 include the effects of a pro- 
portional tie-line controller having a 
regulation of R,=0.1 and _ various 
amounts of time lag, 7;. The theoretical 
tie-line regulation is shown by the dashed 
line. Because of this drift of tie-line 
power the magnitudes of the initial swing 
and those at the end of 10, 20, and 30 
seconds are summarized on Figure 19 as 
a function of the equivalent correcting 
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Figure 21. Summary of Figure 20 in terms of 
the equivalent controller correcting time 


(Rix Ts) 


time RXT;. The optimum correcting 
time is, as before, not much greater than 
the minimum value required to insure 
stable operation. 

Figures 20 and 21 give similar informa- 
tion for a controller regulation of R,= 
0.0111. The drift of tie-line power is 
very much less in this case, and with 
optimum controller time lag the power 
deviation at the end of 30 seconds is 
even less than that of the initial swing. 
The required controller time lag is much 
larger, however, being approximately 
inversely proportional to R, The sys- 
tem constants and the rate of load-torque 
change are the same as those used during 
the runs of Figure 16 for the floating 
type of control, and the results are, there- 
fore, directly comparable. With the 
optimum proportional controller, Figure 
21, the maximum tie-line power change is 
4.6 per cent as compared to 6.8 per cent 
for the floating controller, Figure 16, 
with R,’=1.36 and Ty=1.06. This dif- 
ference would be even smaller if the 
optimum (74=0) floating-type controller 
had been used (see Figure 12 for effect 
of T4). 

3. Intermittent Floating Control. In 
applying the intermittent adjustments, 
the tie-line power deviation was read at 
intervals of 2.12 seconds. Following each 
reading a corrective indication was ap- 


Figure 20. Proportional control—tie-line 
power deviation as affected by the controller 
time lag 


Curve A—T;= 43 seconds 
Curve B—T;= 58 seconds 
Cuive C—T;= 87 seconds 
Curve D—T;=174 seconds 
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Tay =O T;= © AT=t/42.4 
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Ry(eq) = 1.36, APr, = 0.016 


= AR 
3 G6 
a 3 4 
= ° 5 10 15 
TIME IN SECONDS 
Figure 22. 
system damping (Tz) and by the magnitude of load-torque change (AT) 
Curve A—Tg=2, AT=t/84.8 
Curve B—Tg=10, <Al=t/84.8 
Curve C—Iq=9, AT=t/169.6 
Curve D—Tg=10, AT=t/169.6 


M=4,096 h=l2=0.53 APm = 0.064 
To =0 T3= © ky =1/42.4 
i= Onl Tk=11.06 Ri (eq.) =5.44 

R=0.0625 


plied for a length of time proportional 
to the deviation AP at the beginning of 
the interval, and at a constant rate 
equivalent to ki per unit prime-mover 
torque change per second. The maximum 
duration of the impulse was limited to 
1.06 seconds (half the period) for a power 
change equal to or greater than AP». 
For this controller there is an equivalent 
R/’ as given by (see appendix): 


2APm 


R,'(eq.) = : 
1 


The tie-line power swings of Figure 22 
were obtained with a controller having 
T,=1.06, AP,=0.064 per unit, ki= 
1/42.4, and R,’/(eq.) =5.44 seconds. Curve 
A is compared with the curve 7;=72,= 
0.53, Figure 16, for the continuous con- 
troller having the constants R,’ = 1.36 and 
Ts=1.06. It is observed that the inter- 
mittent controller causes system in- 
stability, although its equivalent cor- 


Figure 23. Intermittent control—effect of 
varying the equivalent controller correcting 
time by changing k, with AP,, constant 
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recting rate is only one-fourth that of the 
continuous controller. For a system 
having a larger damping factor 74=10, 
curve B of Figure 22, the results are 
satisfactory. Curves C and D give 
similar results with the load torque ap- 
plied at one-half the rate. The magni- 
tudes of the tie-line power swings are not 
proportional to the rate of load-torque 
change, because of the maximum cor- 
rection rate imposed by this controller. 

With AP,,=0.064 and a large system 
damping, T,= 10, the effects of variations 
of the constant k; are shown on Figure 23. 
Likewise, Figure 24 gives the effects ‘ 
variations of AP,, with ki=1/42.4. The 
maximum power swings are summarized 
on Figure 25 as a function of the equiva- 
lent correcting time, R,’ (eq.). The opti- 
mum correcting time is of the order of 
2.72 seconds under these conditions, that 
is, it is approximately twice that of the 
continuous controller. Furthermore, the 
effectiveness of a controller having the 
constants AP,,=0.032 and ki=1/42.4 is 
about the same as one with AP,,=0.064 
and k;=1/21.2 since their equivalent cor- 
recting times are both equal to 2.72 
seconds. 

The power swings of Figures 23 and 24 
for R,’ (eq.) =2.72 are compared with that 
of Figure 15, R=0.0625, for the optimum 
continuous controller. After allowance 
has been made for the fact that the rates 
of applied load-torque change are dif- 
ferent by a factor of four to one in the 
two cases, it appears that the tie-line 
power deviation obtained with the inter- 
mittent control is about 75 per cent 
greater than that obtained with the con- 
tinuous control. 
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Figure 24. Intermittent control—effect of — 
varying the equivalent controller correcting — 
time by changing AP,,, with k, constant 


M=4,096 T;=0.1 R=0.0625 
Tg=10 =h=0.53 k=1/49.4 

Ta2=0 3 = od lk=1.06 
AT=t/169.6 


4. Summary. The control systems 
have been compared with respect to their 
effects upon the prime-mover governor 
response and tie-line power deviation, 
when the system is subjected to smooth 
variable loads. The recorded data also 
give a measure of the power deviation for 
the particular load cycles and system 
constants considered. It is to be ex- 
pected, however, that the magnitude of 
the swings depends upon the period as 
well as the magnitude of the variable, 
load, particularly if the period is very 
short. The shape of the load cycle may 
also be of considerable importance. In- 
stantaneous load changes initiate natural- 
frequency power oscillations. As an 
example of the extreme condition, suc- 
cessive build up of tie-line power swings 
can occur if instantaneous load changes 
are applied at regular time intervals equal 
to the period of the natural-frequency 
oscillations. 


Conclusions 


1. (a) Introduction of tie-line power con- 
trol of the floating type results in system 
instability, regardless of the value of system 


Figure 25. Summary of Figures 23 and 24— 

tie-line power deviation as affected by the 

equivalent correcting time of the intermittent 
controller 
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lamping, if the controller correcting time 
¢@ 0) is less than about one fourth of the 
governor time lag (Figures 1-4). The in- 
herent instability (T1+7,>4R,’) is not ap- 
preciably affected by variations of the tie- 
line synchronizing power coefficient Ueror 
_the governor regulation R, but it does appear 
at an even smaller value of governor time 
lag if there is time lag (T,) in the tie-line 
controller. 


(6) Instability may also occur in the range 
of small governor time lags as a result of a 
large rate of tie-line correction (small R,’ Ns 
The appearance of this unstable region is a 
function of governor regulation, that is, it 
appears when R;’ is less than MR/2zxf 
seconds correcting time (Figure 4). In gen- 
eral, therefore, the minimum allowable Ry’, 
as regards system stability, is a function of 
the governor time lag and is also a function 
of governor regulation if the governor time 
lag is small (Figure 5). Accordingly, there 
is an optimum governor regulation depend- 
ent upon the governor time lag, the system 
damping factor, and the rate of tie-line cor- 
rection. 


_ (c) With respect to the maximum effective- 
ness of the floating control in reducing the 
magnitude of tie-line power swings, the 
optimum correcting time is not much greater 
than the minimum allowable value required 
to insure stable operation (Figure 11). The 
controller time lag.should be reduced to a 
minimum (Figure 12). 


_ 2. The use of a proportional tie-line con- 
| troller having small regulation and zero time 
lag will cause instability unless the system 
damping is very large. Stability is obtained 
by introducing controller time lag 7;. With 
small regulation (R;) and large time lag 
_ (Ts), the controller response is primarily a 
- function of the factor R;XTs; and is not 
much different from that of floating con- 
trol since the above factor is similar to the 
Rj’ type of regulation. On the basis of 
simplicity, the floating control may be pref- 
erable for use with most governors. 


3. The impulses of an intermittent control 
having about two second period and a fast 
rate of response may result in system in- 
stability, if the operation is near the limit 
of stability without tie-line control. Other- 
wise, satisfactory results can be obtained, 
’ and the optimum equivalent correcting time 
[R;’(eq.)] is of the order of two times the 
optimum R;,’ of the continuous controller. 


4. The optimum rates of response of tie- 
line controllers for maximum effectiveness 
are very much higher than those ordinarily 
used in power-system control. 


5. The optimum continuously acting con- 
trollers limit the tie-line power deviation to 
approximately 15 per cent of the total load 
variation if the tie-line synchronizing power 
coefficient is small (T;=0.1), and if the load 
variation occurs in smooth cycles of about 
one minute period. With an intermittent 
controller of the type considered, the tie- 
line power deviation may be limited to ap- 
proximately 25 per cent of the load variation. 


6. Previous considerations’? have indi- 
cated that a turbine-governor regulation of 
the order of six per cent may be desirable. 
Although the optimum value depends to 
some extent upon the governor time lag, 
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system damping, rate of tie-line correction, 
and so on, the present analysis has shown 
that six per cent regulation is satisfactory 
(Figures 11 and 15) when automatic tie- 
line control is also used. A smaller steady- 
state regulation is obtained without appreci- 
able change in the degree of system stability 
by adding a droop-compensation mechanism 
having a relatively large time constant, but 
the tie-line power swings are not reduced in 


_ Magnitude (Figures 1 and 11). 


Appendix. Equations and Defi- 
nitions of Terms 


The approximate torque equations for two 
interconnected power systems were given 
in reference 2. If it is assumed that one 
system is infinitely large the equation for the 
smaller system is, 


[Mp*+(Tat+Taz)p+Ts]8+T,=AT (1) 
where, 


M= 4nfH is the effective inertia of the sys- 
tem and is equal to the time in elec- 
trical radians required to reach full 
rated speed from standstill with rated 
torque applied to the rotor. 

Tq is the system damping factor equal to 
the slope of the net prime mover plus 
load torque versus speed curve with 
fixed prime-mover input valve. 

Tay is the tie-line damping-torque coeffi- 
cient, or the change in torque per unit 
change in relative system speeds. 

T; is the synchronizing-torque coefficient, 
or the change in torque per electrical 
radian change in relative system angles. 

T, equals the change in prime-mover 
torque resulting from the movement 
of the input valves. 

AT is that part of the load-torque change 
applied to this system. 


All of the above quantities are in per unit 
on a kilovolt-ampere base equal to the sys- 
tem capacity. 


6 is the effective system angle in radians 
with respect to the normal-frequency 
reference; or in this case with respect 
to the angle of the infinite system. 

pi=dé/dt is a measure of speed or frequency 
change. 

t equals time in electrical radians; 377 
radians=one second for a 60-cycle 
system. 


The governor control mechanism has been 
represented as a two-stage amplifier having 
time lags T; and 72.2. The hydraulic-relay 
system of an actual governor might be con- 
sidered as the first stage and the steam- 
storage capacity as the second. Speed 
response indications and tie-line control ad- 
justments at the governor head 


A=pi+D (2) 


are transmitted to the first stage through a 
set of levers. The effective leverage of this 
connection may vary because of the action 
of a droop-compensation mechanism, and if 
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the variation is at an exponential rate de- 
fined by the time constant, 73, the motion 
transmitted to the first stage is 


(T3p+1 
aa A (3) 
(+4) 


At the first instant (p=) following a 
change at the governor head, the indications 
are directly impressed upon the governor. 
control system, but in the steady-state con- 
dition following droop correction (p=0) 
they are amplified by a factor equal to the 
ratio (R/r) of the transient to steady-state 
governor regulations. 

In passing through the governor control 
system this correcting force is modified by 
the time lags T; and T; and is amplified by 
a factor inversely equal to the transient regu- 
lation of the governor. Thus the outputs 
of the first and second stages are, respec- 
tively: 


F 


1 
=———__ F 
(Tip+1) 

1 
1 o= RPap 41) 


0 | 
(4) 
Q 


The complete expression for the change in 
prime-mover torque is, therefore, 


T= 1 (Tsp+1) 
e (Tp t (Tp +1 
(Top-+1)(Tip+ (042) 


ps D 
(5 +2) (5) 


For a governor without a droop-correction 
mechanism, 7;= © and R is the regulation. 
Otherwise, R and 7 are the transient and the 
steady-state governor regulations, respec- 
tively. 73 is the time constant of the droop- 
compensation mechanism. 

As used in equation 5, the terms p5/R and 
D/R are a measure of the turbine speed 
response and tie-line control adjustments, 
respectively, expressed as the equivalent 
prime-mover torque changes that would 
result if there were no governor time lag 
(T,=T,=0) and if the adjustments were 
amplified only according to the transient 
governor regulation R(T3= ©). The char- 
acteristics of the tie-line control system are 
interpreted in this paper by evaluating the 
equivalent response D/R in this manner. 
For instance, the response of one type of 
controller has been expressed as 


D AP 


SS re (6) 
R_ Ri p(Tsp+1) 


where 


AP=(T;+pTa2)5_ is 
change, and 
T; is the time lag of the controller. 


the tie-line power 


With zero controller time lag (7,=0) the 
first derivative of this equation 


1D, (NP 
ps ee 7 
(2) Ry (7) 


shows that the equivalent correction is ap- 
plied at a rate inversely proportional to the 
constant R;’. 
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A D-C Telemeter or D-C Selsyn for 
Aircraft 


R. G. JEWELL 


ASSOCIATE AIEE 


Synopsis: This paper describes a d-c tele- 
meter which is particularly adapted for 
transmitting to the instrument board indi- 
cations of pressure, temperature, liquid level 
and of the position of the various controlling 
members of the airplane. The description 
comprises the principle, variations, char- 
acteristics, and application of this telemeter- 
ing system. Although the applications de- 
scribed are primarily in connection with 
aircraft, the versatile nature of this device 
makes it suitable for many other applica- 
tions. 

The large number of indications which 
must be transmitted accurately to the 
instrument board of an airplane has created 
a demand for a telemetering system of small 
size and light weight. For many years the 
a-c Selsyn telemetering system has given 
excellent service in marine applications. 
Variations of this system are used success- 
fully on aircraft. A search for a simpler 
and lighter system which will operate on 


Paper 42-7, recommended by the AIEE committee 
on air transportation, for presentation at the AIEE 
winter convention, New York, N. Y., January 
26-30, 1942. Manuscript submitted October 10, 
1941; made available for printing November 3, 
1941. 
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engineers in the West Lynn Works of General 
Electric Company, Lynn, Mass. 
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direct current has led to the development of 
the d-c Selsyn telemetering system. 


Principle 


SIMPLIFIED concept of the opera- 
tion of the d-c Selsyn may be ob- 
tained by referring to Figure 1 which 
shows a coil wound on a toroidal iron core. 
This is a continuous single layer winding 
with two brushes supplying direct current 
at diametrically opposite points. It is evi- 
dent that a magnetic pole will be set up in 
the core under each of the brushes, and 
that the magnetic field inside the core will 
be as shown. This field will follow the 
brushes as they are rotated. If a polar- 
ized permanent magnet rotor is placed in- 
side the core, it will revolve so as to keep 
its direction of magnetization in line with 
the brushes. 
The next step in the development is 
shown in Figure 2. The circular rheostat 
transmitter is tapped at intervals of 120 


-degrees and these taps are connected to 


similarly spaced taps on the receiver. 
This gives a result similar to that obtained 


in Figure 1 so that, within the accuracy 


limits to be defined later, the permanent 


magnet rotor will turn to a position having 
the same relation to the taps on the re- 
ceiver winding as the brushes have to the 
corresponding taps on the transmitter 
winding. The windings shown are similar 
to delta connected three-phase windings. 
Connections similar to other polyphase 
windings may also be used and the wind- 
ings may be concentrated in coils rather 
than being uniformly distributed on the 
core. 


The use of a permanent magnet of high 
coercive force in combination with a cop- 
per damping shell fixed in the air gap be- 
tween the rotor and the stator gives effec- 
tive damping combined with high torque. 
Damping by a permanent magnet used in 
this manner involves no power loss as 
would be the case if an alternating field 
were used. The torque is a function of 
the product of the rotor and stator fluxes. 
Since*the rotor field is of much higher 
magnetomotive force than the stator field, 
and since its excitation involves no elec- 
trical losses, it is evident that the inherent 
torque producing effectiveness is high. 
The high ratio of torque to weight obtain- 
able with this system is one of its out- 
standing advantages. This makes it pos- 
sible to use a comparatively light moving 
element which requires neither ball bear- 
ings nor jewel bearings, since the fric- 
tional errors are inappreciable with steel 
and bronze bearings. Since these bear- 


For another type of controller response 


D AP 


= Sees 8 
R RTp+)) : 


the equivalent correction is directly propor- 
tional to the tie-line power change, but it is 
delayed by the time lag T>. 

The effects of an intermittent controller 
are introduced as follows. The tie-line 
power change, AP, is read at regular time 
intervals. Within the period At following 
each reading a corrective indication is ap- 
plied at a constant rate k; and for a length of 
time proportional to AP. This rate of cor- 
rection is again expressed as an equivalent 
prime-mover torque change per unit of time. 
If the correction is applied through the syn- 
chronizing motor then k; is also a measure 
of the synchronizing-motor speed. 

It is assumed that the impulse starts after 
an elapsed time ¢; dependent upon the value 
of AP at the beginning of the interval, and 
ends after a fixed time t. If the reading of 
tie-line power deviation is equal to or greater 
than AP», the full correction is applied, 
that is, 4 is equal to some fixed time fy». 
Then for any smaller power deviation AP 
the impulse is applied at the time ¢, given by 


AP 
APn 


te—h 


(9) 


te—tm 
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The correcting adjustment applied at the 
governor head is of the form 


D kt 


R (Pe+) we 


where (with fy=time at beginning of inter- 
val At, and t.<to+ At) 


k=0 for h >t>t 
k=k, for te>t>t 
T,=time lag of the controller 


At a fixed power deviation equal to AP», 
and neglecting the controller time lag 
(T,;=0), there is an average correcting rate 
over the entire interval equal to 


D ki (te—tm) 
(2) Ss 


This average rate can be defined by an 
equivalent R,’ similar to that of equation 7: 


(2)- AP 
RR} Ri‘(eq.) 


or from the above two equations: 


(11) 


(12) 


AP m At 
Ri'(eq.) = 


~ Ri(te—tm) ee) 
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The effects of variations of the constants 
k,; and AP, were obtained from the dif- 
ferential analyzer solutions. The following 
time intervals were used: 


At=2.12 seconds 
tm = 0.265 second 
te =1.3825 seconds 


All time constants and the factors R,’ 
and 1/k, are given in units of electrical 
radians in the above equations but in other 
parts of the paper they are given in seconds 
for a 60-cycle system. Otherwise the nota- 
tion is consistent throughout. 
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Figure 1. Simplified d-c Selsyn 
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Figure 5 (left). 
Linear transmitter for 
d-c Selsyn 
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Figure’? (left). D-c 
Selsyn telemetering 
system 
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TO RECEIVER Figure 3 (left). D-c Selsyn 
transmitter 
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Figure 6 (above). D-c Selsyn transmitter 


Indicator makes one revolution as brushes traverse entire 
length of respective resistors 


Figure 4 (below). Linear transmitter for d-c 
Selsyn 


Indicator makes one revolution as brushes 
move from end to end of transmitter 
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Figure 7 (above). Torque characteristics of d-c Selsyn 


A—Maximum-torque condition with transmitter set with one brush on 
a tap 
B—Minimum-torque condition with both brushes set 30 degrees 
from a tap 
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Figure 8. Curves showing voltage variations 

at taps on the transmitter with various loads 

connected to the transmitter and 12 volts 
applied 


A—Taps 1-2, no load 
B—Taps 2-3, no load 
C—Taps 3-1, no load 
D—Taps 1-2, one indicator 
E—Taps 2-3, one indicator 
F—Taps 3-1, one indicator 
G—Taps 1-2, two indicators 
H—Taps 2-3, two indicators 
I—Taps 3-1, two indicators 
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Figure 9. Deviation of d-c Selsyn from a 
linear follow-up characteristic 
A—Instrument without power-failure indicator 
B—Instrument with power-failure indicator 


Either instrument will repeat its calibration 
curve within plus or minus 0.1 degree 


Figure 10. D-c Selsyn position transmitter 
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ings are lightly loaded they withstand 
severe vibration very well. 

The use of sliding contacts has been 
cited as an objection to this type of 
telemeter. By using brushes of precious 
metal alloys operating at carefully deter- 
mined pressures, a reliable contact is ob- 
tained with very little friction. Life tests 
have shown these brushes to be capable of 
operating for over 40,000,000 complete 
revolutions of the transmitter. 


Variations 


In the transmitter shown in Figure 2, 
the output voltage passes through 360 
electrical degrees for each revolution so 
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Figure 11. 


D-c Selsyn position indicators, 
showing three positions of flaps and landing 
gear 
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that the ratio of angular motions of the © 


transmitter and indicator is unity. By 
making the number of evenly spaced taps 
equal to 3n, where n is the number of indi- 
cator revolutions per transmitter revolu- 
tion, it is possible to obtain a ratio equal 
to any whole number. Brushes of oppo- 
site polarity must be 180 electrical de- 
grees (360/(2n) angular degrees) apart. 
In order to utilize the full capacity of the 
winding, 2n brushes must be used, but the 
transmitter is operable with only two 
brushes, Figure 3 shows a transmitter de- 
signed for a ratio of 3. 

The transmitter shown in Figure 4 is 
designed to transmit linear motion with- 
out converting it to circular motion by 
mechanical means. Motion of the brushes 
for the complete length of this transmitter 
gives one revolution of the indicator. A 
multi-revolution modification of this cir- 
cuit is shown in Figure 5 which gives three 
revolutions of the indicator. This scheme 
can obviously be modified to give any 
number of revolutions of the indicator for 
a given linear motion of the brushes. 
Figure 6 is a modification of this circuit 
which will give fractional ratios with a 
circular transmitter. Obviously with this 
circuit, the motion is limited to less than 
one revolution of the transmitter. 


Figure 12. Typical liquid-level transmitter 
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Two or more indicators may be oper- 
ated in parallel in connection with any of — 
these transmitters. The only effect on 
their operation is to lower the torque in 
proportion to the reduction in current 
through each indicator. 

Since there is no torque acting on the 
indicator when the power is disconnected, — 
the pointer will remain unchanged in 
position. For applications where an indi- 
cation of power failure is desired, the indi- 
cator is provided with a small fixed per- 
manent magnet which attracts the rotor - 
magnet to a position at which the pointer 
is off the calibrated part of the scale. Due 
to the high torque of the instrument, it is 
possible to use a fixed magnet strong — 
enough to provide a reliable indication of 
power failure without having any signifi- 
cant effect on the accuracy. 


Characteristics 


Each indicator element weighs 25 grams 
and can be mounted in a 1!/,-inch-diame- 
ter circle. 

The power required by the transmitter 
and indicator combination is 1.8 watts. 
With two indicators connected to one 
transmitter, the power required is 2.2 
watts. 


Figure 13. Typical three-element liquid-level 
indicator 
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not affect the indication provided no 
power failure indicator is used. With the 
power failure indicator a variation of ten 
per cent in the voltage will cause a maxi- 
mum error of one degree. 
The torque obtained is shown by the 
curves in Figure 7. The slope of the 
torque curve at zero is important since a 
steep slope at this point gives less fric- 
tional error. The torque curves show 
that the steepest part is at zero. 
Temperature effect on indications is 
negligible because of the symmetry of the 
“circuit. 
_ The wave form of the voltage between 
_ in the transmitter is shown in Figure 
8. At no load the form is triangular with 
the tops cut off flat. With load, the sides 
and tops of the form bend inward. The 
change in the form is of such nature that 
_at any given point the ratio of voltage be- 
tween one pair of taps to that between 
another pair of taps does not change with 
load so that an indicator connected to the 
transmitter will not change its calibration 
when another indicator is placed in par- 
allel with it. 

The peculiar shape of the voltage wave 
does prevent the indicator from following 
the transmitter linearly. This inherent 
deviation has been determined to have a 
maximum peak of 1.3 degrees. The 
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Varying the voltage of the supply does 


peaks occur at six points above the axis, 
and six points below the axis. Figure 9 
shows a typical distribution curve A 
which consists of the 1.3 degree deviation 
and additional deviation due to manufac- 
turing tolerances. Curve B of the same 
figure shows how the distribution curve is 
changed by the power failure indicator. 


Applications 


One of the first applications of the d-c 
Selsyn was for the remote indication of 
the positions of the landing gear and wing 
flaps on an airplane. For this purpose 
four elements were mounted in a single 
case, one element being used for each of 
the three landing wheels and one for the 
flaps. 

The remote indication of oil and fuel 
pressure is accomplished by connecting a 
bellows to the oil or fuel pressure line and 
utilizing the motion of the bellows to ro- 
tate the transmitter brushes. 


The temperature transmitter has a bi- 


metal helix which rotates the transmitter 
brushes as the temperature changes. 

The manifold pressure transmitter has 
a partially evacuated sealed bellows in a 
pressure tight compartment and the mani- 
fold pressure is applied to the outside of 
the bellows. Motion of the bellows is 
transmitted mechanically through a flex- 
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ible wall to the d-c Selsyn transmitter. 
Temperature compensation is obtained by 
having the right amount of air in the 
sealed bellows. 

The differential fuel pressure transmit- 
ter is similar to the manifold pressure ex- 
cept the bellows is not evacuated. The 
fuel pressure is connected to the inside of 
the bellows while the surrounding cham- 
ber is connected to the manifold. The 
bellows deflection is then proportional to 
the differential pressure. 

The liquid level measurement utilizes 
the motion of a float to actuate the trans- 
mitter brushes. Magnetic coupling is 
used between the transmitter outside the 
tank and the float mechanism inside the 
tank so as to provide a positive gasoline 
seal. 


Conclusions 


The d-c Selsyn has been shown to be 
particularly suited to applications re- 
quiring high accuracy, light weight, and 
rapid and stable indications. These quali- 
ties make it particularly suitable for air- 
craft use. The fact that it can be oper- 
ated on any source of low-voltage direct 
current without auxiliary equipment is an 
advantage, not only for aircraft use but 
for other applications where special power 
sources are not available. 
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Design of Long-Scale Indicating 


Instruments 
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I. Introduction 


ROM the viewpoint of utility, the 

scale length of an indicating instru- 
ment bears somewhat the same relation- 
ship to its dimensions as does the output 
of a motor to its frame size. The end 
product of an instrument is quantitative 
information. The longer and more legi- 
ble the scale, the more definite the result- 
ing scale readings, through reduction of 
observational errors both in the initial 
calibration and in subsequent use. Thus, 
instrument designers have endeavored to 
produce maximum scale lengths within a 
given space, examples of which are 5- 
inch scales of 6-inch rectangular switch- 
board instruments, and the 3!/.-inch 
scales of 4-inch rectangular instruments. 
In general, however, the movements of 
such instruments have been restricted to 


an angular deflection of about 90 degrees, . 


with consequent limitation in scale lengths 
as compared to the scale lengths of non- 
electrical instruments such as steam and 
pressure gauges. A study of these 
fundamentals leads the authors, who at- 
tacked the problem of designing a new 
line of switchboard instruments, to the 
conclusion that a definite contribution to 
measurement technique could best be 
made by designing such instruments for 
long-range indication, and the smallest 
practicable panel space. 

A study of prior art!® showed that the 
importance of scale length had been ap- 
preciated, although no complete and co- 
ordinated group of instruments had re- 
sulted. Among the long-scale instru- 
ments produced were wattmeters, volt- 
meters, and ammeters operating on the 
induction disk principle, also permanent- 
magnet moving-coil voltmeters and am- 
meters. The induction instruments, 
while perhaps satisfactory for restricted 
operating conditions, hardly met modern 
performance requirements as to fre- 
quency range, wave-form variation, and 
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other conditions. There is very little 
published information on these instru- 
ments, and their manufacture appears to 
have been discontinued, at least in 
America. It was therefore concluded 
that no complete group of long-scale 
instruments, meeting modern installa- 
tion and performance requirements, was 
available. 

A distinguishing feature of switch- 
board instruments which cannot be over- 
emphasized is the variety of measure- 
ments which must be accomplished in 
devices having uniform appearance and 
outline dimensions. These include the 
measurement of d-c volts, d-c amperes, 
a-c volts, a-c amperes, watts, vars, power 
factor, cycles, synchronism, and such 
nonelectrical quantities as temperature 
and speed. It is impractical to satis- 
factorily measure all these quantities 
with one design of instrument mecha- 
nism, a minimum of four being required 
as shown in Table A. 


Table A 


Quantities 


Group’ Kind of Mechanism Measured 


D-c amperes 
A...Permanent-magnet moy- \ ee volts 


ing-coil Temperature 
Speed 
B...Repulsion — attraction ) { A-c amperes 
with fixed and TGNINE = Wa Seecalte F 
vanes 
( A-c watts 


C...Iron-cored electrodynamic., . ic vars 
A-c cycles 
{ Power factor 


D...Electromagnet with rotat- \ 
* USynchronism 


ing vane 


In the following sections, the method 
of attack in designing long-scale elements 
for each of these groups will be outlined. 
A panel dimension of 41/; inches square 
was required, and a scale length of 6.8 
inches representing 240 angular degrees 
was selected. The in each 
case was to obtain (a) mechanical free- 
dom of the movement and (b) satis- 
factory torque characteristics, both with 
respect to magnitude and gradient, over 
this scale angle. After determining each 
basic design, much analytical work was 
necessary to reduce it to practice, but, 
with one or two exceptions, design details 
will be omitted in the interest of brevity. 


problem 
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Il. The Permanent-Magnet 
Moving-Coil Instrument for 
Measurement of D-C Potential 
and Current é 


The design of the permanent-magnet 
moving-coil instrument was definitely 
simplified by using Alnico as a magnet 
material. The high coercive force of this 
material adapted it to short lengths of 
large cross section, as illustrated in Figure 
1. The sector-shaped magnet was cast 
integrally with a soft-iron pole face for 
uniform distribution of the field in the 
air gap, and the magnet was arranged im- 
mediately adjacent to the gap to mini- 
mize leakage fluxes. The moving coil 
was pivoted about one of its sides and 
thus only one of the coil sides was ef- 
fective in production of torque. The use 
of two coil sides appeared to involve 
mechanical complications such as to be 
thoroughly impracticable. It was found 
that satisfactory results could be obtained 
by full utilization of the magnetic ma- 
terial as described above and by using 
a minimum of weight and inertia in the 
moving element. The millivoltmeter 
moving coil was designed for a power 
input of 0.34 milliwatt, since the instru- 
ment will be used with 50-millivolt 
shunts. This construction also has the 
advantages of shelf-shielding, mechanical 
simplicity, and reproducibility. _Damp- 
ing was obtained by adding a short-cir- 
cuited winding to the moving coil, the 
wire size and number of turns being de- 
termined by the required damping con- 
stant of the instrument involved. A uni- 
form scale distribution is obtained as 
shown in Figure 2. The characteristics 
are shown in Table IT. 

Since instruments for the measurement 
of the temperatures of electrical ma- 
chinery are required for modern switch- 
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Figure 1. D-c ammeter and voltmeter 
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Figure 2. D-c voltmeter-scale distribution 
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Figure 5 (above). Development of repulsion— 
attraction magnetic system 
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Figure 6 (below). Repulsion—attraction instru- 
ment torque characteristics along the scale 
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Figure 3. Temperature-meter circuit 


boards, such instruments have been in- 
cluded in.this group. A circuit, illus- 
trated in Figure 3, was thus designed to 
adapt the d-c milliammeter to tempera- 
ture measurement using standard 10- 
ohm resistance temperature detectors. 
This circuit is essentially a Wheatstone 
bridge, energized by a constant potential 
of 6 volts direct current through a 
saturating transformer and rectifier de- 
signed for use on a standard 115-volt, 60- 
cycle circuit. The characteristics are 
given in Table II, and the scale distribu- 
tion is shown in Figure 23 


II. The Repulsion—Attraction 
Instrument for Measurement of 
A-C Potential and Current 


In their usual forms, the soft-iron 
torque-producing mechahisms are in- 
herently limited to angular deflections of 
about 100 degrees of are. Serious dif- 
ficulties arise in matters of scale con- 
striction and increased power consump- 
tion if the scales of these simple instru- 
ments are extended beyond their natural 
limits. 

In the new element, these limitations 
are removed by utilizing dual forces of 
electromagnetic repulsion and attraction 
which act on a single movable vane as 
shown in Figures 4 and 5. The main re- 
pulsion mechanism is essentially similar to 
wedge-repulsion mechanisms now in use, 
in which a rapidly decreasing torque-dis- 
placement curve is obtained beyond the 
usual 0-90 degree scale range. The 
auxiliary irons exert a force of attraction 
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aes CONSTANT TETAS eg which increases progressively as the re- 
ee ae Mae hed ee Tee Cee t ties pulsion force decreases. With suitable 

shapes and spacings for the soft-iron mem- 

“a I; us VOUT. bers, the two forces are well blended, re- 

SIs SUPPLY sulting in a smooth open scale. In ad- 


dition to the increase of scale angle, the 
element possesses a higher ‘‘torque-per- 
watt”’ effectiveness than any known soft- 
iron or even electrodynamic instrument 
mechanism, as illustrated in Table I. 

The middle repulsion wedge is moulded 
integrally with the coilform. The attrac- 
tion irons are mounted in magnetic con- 
tact with soft-iron cups which can be 
rotated manually through small angles. 
The rotatable cups serve as a means of 
instrument adjustment and also as a 
partial return path for the magnetic cir- 
cuit. The cups are slotted radially to 
eliminate induced circulatory currents. 
Figure 4 is asectional view of the assembly. 

The rotatable cups (and attraction 
irons) permit of a rather wide range of 
control in scale distribution. The pre- 
ferred scales are shown in Figure 9, where 
the voltmeter scale is expanded over the 


Table |. Sensitivity Comparisons of Various 
Instrument Mechanisms of Comparable Size 


(Milliwatts Per Unit Torque for 90-Degree 


Deflection) 
Repulsion—attraction....... (soft-iron)’...:<..:<..06 114 
Wedge-repulsion........... (soft-iron)........ 400 
Inclined=Coil\s nits: tits tere (soft-iron)........ 240 
Electrodynamic. .......... (air-coils)\2.. eee 216 
Sector-coil repulsion....... (soft-iron)........ 346 


normal 110-120-volt interval. The am- 
meter. scale is essentially uniform over the 
working range. 


THE CoIL 


In proportion, an air coil of the greatest 
electromagnetic effectiveness (that is, 
maximum flux per watt input) will have 
a square cross section and a mean di- 
ameter equal to three times a side of the 
square as shown in the curves of Figure 7. 
The authors’ curve of proportions is in 
agreement with Shawcross and Wells’.? 
The variance with Maxwell’s classic pro- 
portions’ of d = 3.7c is due, no doubt, to 
neglect of higher order terms of the cal- 
culations. The two criteria are, how- 
ever, high up on the curves so the varia- 
tion is more of academic than practical 
interest. 

The magnetic circuit of a repulsion— 
attraction mechanism of this kind per- 
mitted of little more than a rough mathe- 
matical treatment which served as a guide 
to methodical experimentation in deter- 
mining the best shapes and spacings for 
the soft-iron members. From computa- 
tions and from actual torque curves for 
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Figure 7. Field-coil proportions as a function 
_ of reactance/resistance 


basic iron shapes, one could predict, 
quite closely, the ultimate results of iron 
shapes when used in combination. The 
best fixed repelling wedge to operate in 
conjunction with the ideal vane was one 
that best met the three criteria of steep 
initial torque-gradient, large angular de- 
flection, and maximum torque. The 
initial steep gradient was especially desir- 
able in ammeters for improved readability 
with low values of current. The wedge 
of Figure 5 met the requirements—the 
curved edges giving the steep gradient; 
the developed length, the long-scale 
angle; and the over-all dimensions, the 
maximum of torque. 

The final and most important design 
problem was the selection of suitable at- 
traction irons to extend’ the scale angle 
without increased power consumption. 


Figure 8. Field-coil proportions with addi- 
tion of iron members 


FEE 
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It was also necessary to avoid close spac- 
ings of adjacent magnetic parts, with 
their resulting manufacturing hazard. 
For adjustment purposes, the attraction 
irons permit of small rotational move- 
ments and are provided with means for 
securely locking them in the final posi- 
tion. The shape and slope of the irons 
result in a smoothly distributed scale, 
open to the end of pointer travel. The 
short curved lengths at the upscale ends 
of the attraction irons provide a greater 
degree of scale control. The curves 
(Figure 8) indicate that the coil system 
with irons, in its final form, has propor- 
tions differing very little from the re- 
quirements of ideal air coils. 


TORQUE CHARACTERISTICS 


The torque values of the complete sys- 
tem over the scale, and for comparison, 
the torque of simple repulsion, is shown 
in Figure 6. The completely drawn, 
uppermost curve gives the torque at 
various angular scale positions with a 
constant application of full-scale voltage 
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distributions 


Figure 9. 


(150 volts). The negative angle of —15 
degrees corresponds to the assigned un- 
stable position of the pointer—selected 
for security of operation. Intersecting 
the torque curve of the control spring are 
sectional lengths of torque curves of 
intermediate voltages. From the inter- 
sectional points the actual scale distribu- 
tion is obtained by projection. The pro- 
jected scale at the lower edge of the 
figure is identical with the voltmeter 
scale of Figure 9. 

The torque curve for repulsion alone is — 
for the same 150-volt constant value. It 
illustrates the limitations of simple re- 
pulsion in regard to torque and operat- 
ing angle. 


DAMPING SYSTEM 


The instruments are equipped with an 
eddy-current damper of unique construc- 
tion as shown in Figure 10. It consists of 
a series of ten uniformly spaced, bipolar 
magnets of Alnico steel, embedded in two 
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Figure 10. Damping system for a-c instru- 
ments 
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die-cast half-ring supporting members. 
he two half-ring groups are assembled 
on the instrument in a circular arrange- 
ment directly over a small segmental 
aluminum disk, which is carried by the 
moving element. The magnetic circuit 
is completed through the disk to a soft- 
iron split annular-shaped ring mounted 
ectly beneath the disk. The soft- 
ron ring serves also to shield the actuat- 
ing element from the field projected by 
the damper magnets. This system pro- 
vides an adequate and uniform damping 
torque throughout 360 degrees of disk 
movement. It is used on all a-c in- 
struments. 


recession CHARACTERISTICS 


| The characteristics of the a-c volt- 
meters and ammeters are shown in Table 
‘II. The efficient iron-clad mechanism 
has a high reactance-resistance ratio 

_which is reflected in the instrument when 
constructed as a voltmeter. The effect 
of this reactance-resistance ratio on fre- 
quency influence was, however, overcome 
by capacitance compensation. 


IV. The Iron-Cored Electrodynamic 
Instrument for the Measurement 
of Power 


The long-scale instruments previously 
described deal with measurements of 
single quantities. Since there are im- 
portant electrical measurements that in- 
volve the product or ratio of two elec- 
trical quantities, instruments. must be 
provided for performing these mathe- 
matical operations. The measurement of 
the product of two electrical quantities 
suggested the use of the electrodynamic 
construction. 

Since the conventional type of electro- 
dynamometer instrument mechanism may 
be used for only a comparatively short- 
scale range, a modified construction was 
required for obtaining a scale length of 
240 degrees. In order to obtain co- 
ordination of design and appearance, the 
general construction used in the per- 
manent-magnet moving-coil instrument 
was adopted. In this instrument, how- 
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Figure 11. Wattmeter and varmeter mechanism 
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Figure 12 (left), Saturation 
curve of wattmeter field 
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ever, the permanent magnet was replaced 
by a magnetic core shaped to permit in- 
sertion of a field winding and was designed 
for a uniform air gap between its pole 
face and the inner core, as illustrated in 
Figure 11. Since the magnetic field pro- 
duced by the coil on the outer field struc- 
ture is proportional to the current in that 
coil, the total torque produced by the 
instrument is proportional to the product 
of the ampere turns in the field and arma- 
ture windings. The instrument is mag- 
netically damped in the same manner as 
described for the iron-vane instruments. 
The design of this mechanism pre- 
sented several problems, particularly with 
respect to the magnetic circuit: 
1. To produce a long scale, the use of mag- 


netic material with attendant iron losses 
was required to obtain a long air gap. 

2. The field circuit had to be designed for 
a linear flux-current relationship, requiring 
operations at densities well below the knee 
of the saturation curve at all possible operat- 
ing currents. 


3. The phase angle between the current 


Figure 14. Wattmeter-scale 
distribution 


160 


and potential fluxes required adjustment to 
agree with the phase angle between the 
current and the voltage. 


4. Losses in the instrument had to be kept 
low and voltage errors reduced to a mini- 
mum. 


Several nickel-iron alloys were con- 
sidered and tested for this application, 
and the best combination for low hys- 
teresis and a high saturation density was 
obtained by the use of an alloy having 
49 per cent nickel. The complete field 
structure, including the central core, was 
made of thin insulated laminations to 
reduce eddy currents to a minimum. 
Figure 12 shows the field density to be 
well below the saturation value for normal 
operating ranges. 

The use of iron in the magnetic circuit 
naturally causes the current in the poten- 
tial coil to lag slightly behind the applied 
voltage. This is more than canceled by 
the effect of the iron losses which cause 
the field flux to lag the line current by a 
still greater amount. Therefore, the 
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Figure 13. Determi- 
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potential-circuit current and the field flux 
are separated by a greater angle than the 
phase angle of the circuit, and, if uncom- 
pensated, would cause the instrument to 
read low on lagging power factors. 

The instantaneous field flux then be- 
comes proportional to 


Im sin (wt—0— ay) 


where a» is the angle by which the field 
flux lags the line current due to iron losses, 
and 6, the phase angle between current 
and voltage. The instantaneous arma- 
ture current is proportional to 


id sin (wt — an) 


where a; is the phase angle by which the 
armature current lags the applied voltage. 
Without compensation, therefore, the 
torque would be— 


T=KEI cos (@—ai+az) 


Therefore, a capacitor is shunted across 
the armature and a portion of the series 
resistor, providing sufficient compensa- 
tion to make the angle a; equal to angle 
a2 giving correct indication at any power 
factor. Figure 13 shows curves taken 
at leading and lagging power factors in- 
dicating the effect of capacitance on com- 
pensation for power-factor errors. The 
curves show that the selection of a value 
of capacitance corresponding to the point 
where the two curves intersect, provides 
sufficient compensation to make the in- 
strument operate with satisfactory ac- 
curacy over a wide range of power fac- 
tors. 

It has been mentioned that potential 
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Figure 16. Frequency-meter circuit 
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ARMATURE 


Figure 15 (above). 
Frequency - meter 
construction 


TORQUE (MM-G) 


Figure 17 (right). 
Frequency - meter 
torque characteristics 


flux was reduced to a minimum to prevent 
voltage errors. With a high value of 
potential flux, the moving coil tends to 
deflect upon the application of potential 
alone, due to extraneous flux through the 
field iron and back across the air gap. 
While this potential creep can be cali- 
brated out and become of little conse- 
quence, if maintained at low value, it 
would result in voltage errors if the ex- 
traneous torque so produced became an 
appreciable part of the total torque of the 
instrument. To minimize such errors, 
the armature turns were kept low, and 
high resistance was used to secure a 
minimum armature current consistent 
with high operating torque. The mag- 
netic flux path is also broken by two 
gaps, the ratio of which determines the 
magnetic balance of the circuit and conse- 
quently the potential-circuit errors. They 
are, therefore, set to give the best over- 
all performance. 


Because of the uniform gap the scale 
distribution is nearly linear as shown by 
Figure 14. 


The same type of mechanism is used 
for polyphase wattmeters, two elements 
being rigidly fastened together to the 
supporting base. In the polyphase in- 
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Figure 18. Frequency-meter scale distribution 
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ERENTIAL TORQUE OF 


FLECTING ELEMENT 


DEGREES DEFLECTION FROM CENTER SCALE 


strument it is possible to still further 
increase the potential-circuit resistance 
in order to decrease voltage errors as the 
torque to weight ratio of the single-phase 
construction can be maintained without 
doubling the total instrument torque. 
Compensation for power-factor errors is 
made in the same manner as previously 
described using a double capacitor for 
this purpose. 

When used for the measurement of 
vars (reactive volt-amperes), the instru- 
ments are provided with external phase- 
shifting auto transformers or are cross- 
phased to obtain the proper phase angle 
in the manner used on conventional 
switchboard instruments. Single-phase 
varmeters require an external impedance 


TWO-PHASE FIELD 
(INCOMING) 


FLUX DISTRIBUTOR 


POTENTIAL COIL 
(RUNNING MACHINE) 


pe <——THREE-PHASE FIELD 


Rai (POTENTIAL) 


MOVING VANES 


CURRENT COIL 


Figure 19. Power-factor meter and synchro- 
scope mechanisms 
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Figure 20. Power-factor-meter scale distribu- 
tion 


_ network to lag the current in the potential 
circuit by 90 degrees. 


_ MEASUREMENT OF FREQUENCY 


The iron-cored electrodynamic instru- 
ment mechanism was applied to the meas- 
urement of frequency by using a dif- 
ferential field coil,4 each side of which 

was connected in a resonant circuit, one 
resonant at a frequency below the scale 
range, and the other, at a frequency above 
scale range. Since these two field coils 
are connected in opposition, an auxiliary 
element is added to provide restoring 
torque. The deflecting element has a 
uniform air gap and provides substan- 
tially uniform torque over its operating 
range. Thus the restoring element must 


RUNNING MACHINE (BUS) 


(A) 


Figure. 23 (right). 
ILa (B) 
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Ip =current in phase D (resistance circuit) 
V4=voltage drop across stator coil A (also 
across compensating resistance R-) 

a, =angle current 14 must lag V4 to produce 
90-degree angle between I 4 and /p 


Panel arrangement of 
long-scale instruments 


Figure 22. Interior view of a-c voltmeter 


also produce approximately uniform 
torque to obtain a scale as uniform as pos- 
sible. Obviously with a 240-degree scale, 
a unidirectional and linear value of torque 
must be provided for 120 degrees each 
side of the center-scale position. Since 
it is evident that such a torque cannot 
be furnished by a simple dynamometer 
system, or any of the conventional iron- 
vane systems, a restoring torque has been 
provided by utilizing a long-range iron- 
vane repulsion mechanism similar to that 
used in the a-c ammeter and voltmeter. 
The construction is shown in Figure 15. 
It will be noted that the deflecting ele- 
ment is identical in construction with 
that used in the wattmeter, and that the 
restoring element is provided with a fixed 
iron vane which is wide at scale ends and 
narrow at center scale. 

The connection diagram, Figure 16, 
shows the two resonant circuits and the 
differential connection of the deflecting 
and restoring fields, the resultant current 
passing through the armature coil. 


Figure 21 
Schematic connec- 
tions and phase 
relations of synchro- 
scope 


(left). 


A—Synchroscope 
connections 
B—Phase relations 
E=line voltage Cin- 
coming machine) 
I, 4=currentthrough 
reactance coil 
| 4=current in stator 
coil A 
a,=phase angle in 
circuit D 
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Variations of these connections are pos- 
sible. For example, the connection of 
the restoring field coil with additive 
polarity, which somewhat changes the 
shape of the restoring torque curve, 
provides a scale which is expanded in the 
center and constricted toward the ends. 
With the subtractive polarity used, one 
circuit is resonant at about 34 cycles, 
while the other is resonant at about 97 
cycles, both points being far outside the 
normal scale range of 55-65 cycles. 

The curve in Figure 17 shows that ap- 
proximately uniform restoring torque has 
been provided, its intersection with the 
differential torque curves at cardinal 
points indicating the angular displace- 
ment at these points. 

It was necessary to give careful atten- 
tion to several important points of con- 
struction. In the first place, the de- 
flecting and restoring torque curves, ex- 
extended beyond the scale ends, must be 
of such shape that the instrument will be 
stable at both ends of the scale with any 
condition of normal mechanical variation 
or changes in the resonant circuits. On 
a normal 60-cycle frequency meter with 
a scale of 55-65 cycles, stable operation 
is provided for about three times the 
normal frequency range above and below 
scale ends. The mechanical construc- 
tion of the restoring field coil is likewise 
important in maintaining a scale which 
is essentially uniform and symmetrical. 
The spacing between the fixed and moving 
vanes is uniform, and the field winding is 


YW, 20GB 


AMPERES 
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Figure 24. Typical installation of long-scale 
instruments 


concentric with the stationary vane. 
Greater accuracy is obtained by winding 
the two coils at the same time, using two 
insulated wires in multiple. 

In the frequency meter, the chief con- 
sideration was to make the instrument 
responsive to frequency changes without 
being influenced by any ordinary voltage 
fluctuations and with negligible disturb- 
ance from such operating variations as 
temperature and wave-form changes. It 
may be shown that the torque of both 
the deflecting and restoring elements is 
proportional to the square of the voltage 
and the deflection dependent on the ratio 
of currents in the two branches. 


1-r? 


Angle of deflection a =«————__—__ 
1+r?—2r cos 6 


(where r=the ratio of the currents in the 
two resonant branches and @=the phase 
angle between them). The instrument 
indication is thus essentially independent 
of changes in the operating voltage. 

The admittance of the resonant circuits 
to currents of the third or higher har- 
monics is very low, resulting in very small 
accuracy variations when used on dis- 
torted wave forms. 

Figure 18 shows a standard 60-cycle 
scale with a range of 55-65 cycles. Other 
scale ranges are obtained by selecting 
impedance networks to provide the same 
current ratios over the required frequency 
range. 

V. Instruments With Rotating 
Magnetic Field and Polarized 
Moving Vanes for Measurement 
of Power Factor 


The power-factor meter has a field 


winding consisting of a motor-type stator 
with a laminated field structure and a 
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distributed winding. This provides a 
rotating field when connected to a poly- 
phase circuit. The armature is of the 
moving-vane type, the vanes of which are 
magnetically connected by a nickel-iron 
sleeve and polarized by an axially 
mounted stationary coil inside the stator. 
The construction is clearly shown in 
Figure 19. This system is not new, 
having been in use for a number of years 
in other forms,® but refinements in me- 
chanical construction and improvements 
in operation make the instrument worthy 
of description. 

When used to measure power factor, the 
field winding (stator) is connected through 
a high resistance to a polyphase line, 
while the vane is polarized by a stationary 
coil energized by the current in the cir- 
cuit. 

An analysis of this system will show 
that the instrument measures directly the 
phase angle between the current and the 
voltage and may be calibrated either in 
terms of power factor or phase angle. 
Hysteretic drag usually common to this 
construction has been reduced to a 
minimum by the use of carefully annealed 
nickel-iron alloys which produce very 
little rotational torque, and thus provide 
accurate readings over a wide range of 
current. 

The movement is free to rotate through- 
out 360 degrees, and scales of either 180 
degrees or 360 degrees can be provided, 
the latter where operation with reversed 
current is necessary. Figure 20 shows 
the scale ranges which may be obtained. 


INDICATION OF SYNCHRONISM 


When designed for use as a synchro- 
scope, the physical construction of the 
instrument is the same as the power- 
factor meter since the instrument actually 
measures the phase difference between the 
potentials of the bus and the incoming 
generator. The polarizing coil, however, 
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is wound for potential instead of current 
and is connected directly across the line. 

Since most synchroscopes are designed 
for single-phase operation, the stator cir- 
cuit (connected to the incoming machine) 
was provided with a phase-splitting ar- 
rangement. This consists of an external 
impedor box containing a resistance and 
an adjustable reactance coil. The stator 
is of two-phase construction, one phase 
being connected in the resistance circuit 
and the other in series with the reactance. 
(See Figure 21.) The resistance of the A 


circuit and the inductance in the D cir- — 


cuit will produce a phase angle somewhat 
less than 90 degrees. The quadrature 
phase relation and a symmetrical rotating 
field is obtained by shunting a non- 
inductive resistance R, across the stator 
coil in the reactive circuit A. This pro- 
duces a voltage drop V, in phase with the 
lagging current J; 4 through the reactor. 
The resistance R, is of such a value that 
the inherent inductance in the stator 
causes the current through it (I4) to lag 
the voltage drop V4 by an angle giving 
a 90-degree angle between J, and Ip, the 
currents through the two stator branches. 
Final adjustment is made by a magnetic 
shunt on the reactance coil Ly. 

Both “incoming” and “running”’ cir- 
cuits were designed for low-power con- 
sumption, and the instrument, therefore, 
may be used for remote indication of 
synchronism. Uniform speed of rotation 
was obtained by the use of steel flux dis- 
tributor rings as shown in Figure 19. 
These practically eliminated the slot 
effect of the stator and prevented spas- 
modic movement of the pointer at speeds 
approaching synchronism. 

Since the armature vanes are polarized, 
the instrument becomes, in effect, a syn- 
chronous motor. If the polarizing coil 
were excited by direct current, synchro- 
nous operation would be obtained at aspeed 


120 
sa (rpm) 


where f is the frequency and P the 
number of poles. The application of 
alternating current excitation of a dif- 
ferent frequency, however, produces rota- 
tion at a speed proportional to the dif- 
ference of these frequencies or 


120(fi—fr) 
iP 


S= 


where f;=the incoming frequency and f, 
the frequency of the running machine. 

Since the stator is of two-pole construc- 
tion 


S=60(f:—f,) or 60 rpm for every cycle dif- 
ference in frequency 
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HE magnetic-field strength at any 
given point near a circular cylindrical 
coil or solenoid in a nonmagnetic medium 
requires various formulas for its deter- 
mination, depending on the shape of the 
solenoid and the position of the point. 
Formulas are required for the axial com- 
ponent of the magnetic field, called HT, in 
this paper, and other formulas are needed 
for the radial component, H,. 

A number of the formulas were given in 
“Absolute Measurements in Electricity 
and Magnetism,’’! by Andrew Gray, edi- 
tions of 1893 and 1921. Others have been 
published in other articles, as indicated 
in the footnotes and references of this 
paper. A collection of formulas for this 


Paper 42-27, recommended by the AIEE committee 
on basic sciences for presentation at the AIEE 
winter convention, New York, N. Y., January 
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problem was published by the writer in 
“The Magnetic Field of a Circular Cylin- 
drical Coil,’"? Philosophical Magazine, 
volume 11, April 1931, page 948. 

In this paper, an additional group of 
formulas is presented, suitable particu- 
larly for points close to the coil section and 
for short coils. A device is also given (see 
paragraphs following equation 3) by 
which formulas for the flux density in the 
end plane only of a solenoid are listed, and 
this greatly increases the range in which 
the flux density of solenoids under all 
conditions can be precisely and quickly 
calculated. It is shown in Figure 5 that 
the formulas listed in this paper cover the 
entire field of a solenoid. 

All of the published series formulas for 
solenoids of which the writer is aware, have 
been rearranged in this form and are given 
in this paper. Thus this paper contains 
the complete equipment for computing 
the magnetic field of a solenoid of any 
shape and at any point, far or near, in- 
cluding points within the cross section of 
the winding. The effect of insulation 
space between conductors, however, is not 
considered, but the rectangular cross sec- 
tion of the solenoid is assumed to have 
uniform current distribution. 

One application of the formulas and 
methods listed in this paper is in finding 
the mutual inductance of a solenoid and a 
comparatively small coil, particularly 
when the latter is irregular in its shape or 


Thus, the instrument will make one 
complete revolution for each cycle dif- 
ference in frequency, the direction of 
rotation determining whether the in- 
coming generator is slow or fast. Syn- 
chronism is indicated when the pointer 
reaches a vertical position. 


VI. Conclusion 


These instruments have been designed 
to meet existing American Standards 
Association standards of performance, as 
shown in Table II, and, in general, the 
characteristics are equivalent to those of 
6-inch rectangular instruments. An ac- 
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curacy rating of 1 per cent of the full- 
scale reading has been applied. The me- 
chanical durability as evaluated by ship- 
ping, vibration, and impact tests is also 
fully equal to the standards established 
by present practice. The application of 
these instruments to a typical switch- 
gear unit is shown in Figure 24. The 
group represents a potential panel-space 
saving of 42 per cent with an average 
weight saving of 16 per cent and an in- 
creased scale length of 33 per cent as 
compared to 6-inch rectangular instru- 
ments. It is concluded, therefore, that 
90-degree scale angles need no longer be 
regarded as an inherent limitation of 
electrical indicating instruments, and in- 
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position. In many cases the mutual in- 
ductance is equal to the magnetic field of 
the solenoid at the center of the small coil, 
multiplied by the projected area of the 
small coil, crossing the field. This is of 
use in problems of electromagnetic inter- 
ference and shielding. 


Logarithmic Formulas 


The group of logarithmic formulas for 
points close to the coil section may be de- 
rived from a mutual-inductance formula 
for two circles which was published by T. 
H. Havelock’ in 1908 and was extended by 
E. B. Rosa and F. W. Grover in equation 
16, reference 4, It is given in equation 
16A, reference 5. 

If we let a circle of radius y=a-+c on the 
same axis as the circle of radius a, pass 
through P, Figure 1, then by differentiat- 
ing equation 16A, reference 5, for the mu- 
tual inductance of the two circles, with 
respect to y or c, the change in mutual in- 
ductance for an increase in y is found. 
This is the change in flux passing through 
the circle of radius y when y is increased, 
caused by a continuous current in the 
circle of radius a. The increment in flux 
passes through the ring of width Oy and 
circumference 27ry. 

If a certain amount of flux gy, for 1 
centimeter perpendicular to the paper, 
passes through an area of width Oy, at an 
angle @ to the normal to Oy, as in Figure 2, 
then the flux density, or force on a unit 
magnetic pole is g/(Oy cos 8). The hori- 
zontal component of the flux density is 
obtained by multiplying by cos 6, and is 
y/Oy. 

Therefore, in the case of Figure 1, the 
axial component of flux density at radius 
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struments having long scales with satis- 
factory accuracy may be produced. 
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Putting 2a=d and 2y=D, as in Figure 
1, in order to make the numerical coeffi- 
cients smaller, the following expression is 
obtained for the axial component of flux 
density at P due to a current of J amperes 
in a circular coil of NV turns and of diame- 
ter d, assuming that the dimensions of 
the cross section of the coil are so small 
that they may be neglected: 
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lines per square centimeter (2) 


where u?=x?+c? and where logn de- 
notes natural logarithm. 


Magnetic field at P near a circle of 
radius a 


Figure 1. 


Dimensions throughout this paper are 
in centimeters and electromagnetic centi- 
meter-gram-second units are used, except 
where otherwise stated. 

The current is assumed to be in such a 
direction around the circle that the flux 
density at the center of the circle is to the 
right. If the flux density given by equa- 
tion 2 is a minus quantity, as it usually is 
when y is greater than a in Figure 1, that 
indicates that the direction of the flux at 
Pistothe left. If yisless than ain Figure 
1, the flux density is given by equation 2 
but ¢ has a negative numerical value. 

Equation 2 and practically all the for- 
mulas of this paper, are infinite series, and 
they should be used for a given case only 
if the last term used in each series is al- 
most negligibly small and is smaller than 
the preceding term. Otherwise, the suc- 
ceeding terms which are neglected are 
probably of importance and the formula 
should not be used for such a case. 

To obtain the axial component of flux 
density at P due to an infinitely thin sole- 
noid, multiply expression 2 by ndx/N and 
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integrate from x; to x2, taking these lengths 
to be positive values. 
quantity » is the number of turns per 
centimeter of axial length of the solenoid. 
The expression is 0 when x is 0, and so by 
putting x:=0 and x,=« there is obtained 
the following formula 3 for the axial field 
at a point P in the end plane of a sole- 
noid of length x, which is the only type of 
formula that needs to be listed for sole- 
noids whose length is given: 
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The letter s in H,:,)denotes an infinitely 
thin solenoid or current sheet. This for- 
mula has been shortened somewhat by ex- 
pressing D in terms of d, the mean diame- 
ter of the coil. 

It is evident from Figure 3 that the 
magnetic flux density at P due to the 
actual solenoid of length (x2—21) is equal 
to the difference between the field densi- 
ties of two solenoids of lengths x2 and x, 
respectively, of the same thickness, for 
both of which P is in the end plane. A 
physical meaning is thus given to the 
value of expression 3 for x; and x2 sepa- 
rately, when integration is carried between 
these limits for the case shown in Figure 3. 

It is, therefore, possible to calculate the 
value for x; by one formula, suitable for 
short coils, and that for x, by another 
formula if desired, suitable for long coils. 
The use of this device greatly increases 
the capability of calculating the flux den- 
sity due to a solenoid under various condi- 
tions, with ease and precision. 

A similar device for mutual inductance 
of solenoids was given in reference 5 (see 
paragraphs following equation 9 of that 
paper) and it produced a corresponding in- 
crease in the capacity to calculate the mu- 
tual inductance of coils of various shapes, 
in various positions. 

A correction for the thickness, ¢, of the 
coil is desirable. Following Maxwell, 
Electricity and Magnetism,® paragraph 
700, and noting that the differential of d 
is twice the differential of a radical dis- 
tance 
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See Figure 3. The © 


where H(,) is the magnetic-field density, 
either axial or radial, at a given point P in 
the end plane due to the infinitely thin 
central solenoid whose diameter is d (see 
Figure 3). 

Expressing equation 3 in terms of D= 
2y instead of d, so that c is the only vari- 
able, and differentiating, we obtain the 
term in ¢? of equation 4. 


7z(coil) = Axzs) ar AH, 


where 
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Equation 5 should be used only for thin 
solenoids where ¢ is small and where the 
correction AH, is a small percentage. 
For somewhat thicker coils, the following 
formula may be used, obtained by put- 
ting equation 3 in terms of D=2y and 
then integrating over the cross section of 
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(6) 
If y is less than ay, then c; and c, are nega- 


tive. If y lies in value between a; and ae, 
then c is negative and c2 is positive. 
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Figure 2. Flux pass- 
ing through an area 
dy of width dy 


Corresponding formulas are required 
for the radial component of magnetic 
field. Using equation 16, reference 4, for 
the mutual inductance of two circles, the 
radial field at P, Figure 1, due to a circle 
or coil of NV turns of very small cross sec- 
tion, is 
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In equation 8, the dimension D, which 


_ is twice the radial distance to the point P, 


Figure 1, may be either larger or smaller 
than d, the diameter of the circle. Only 
even powers of the quantity ¢ are involved. 

The minus sign occurs in equation 7 
since the mutual inductance of the two 
circles in Figure 1 decreases as x increases. 

For the radial field at a point P in the 
end plane of an infinitely thin solenoid of 
diameter d, multiply equation 8 by ndx/N 
and integrate from 0 to x, where 7 is the 
number of turns per centimeter of axial 
length. 
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where w2=x2+c?. Here also, D=2y may 


be greater or less than d. 

Note that the radial field close to the 
end of an infinitely thin solenoid becomes 
infinitely great, because c approaches 0 
and logn c is involved. 
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By equation 4 
Fi; (coit) = Ay(s) + AH, 


where 
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Since equation 10 is applicable only to 
thin solenoids with a small value of (?/c? 
because terms in /4 and higher powers of t 
have been omitted, the following formula, 
obtained by integration of equation 9 
after it was expressed in terms of D, is 
given for use with thicker coils: 
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If y is less than a), then c, and c, are nega- 
tive. If y lies in value between a and ds, 
then c is negative and c; is positive. 

Note that if the current is assumed to 
flow in a mathematically exact rectangular 
cross section, the radial field is not infinite 
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at the corners or elsewhere. The limit of 
c logn ¢ is 0 when c approaches 0. See 
reference 9, numbers 72 and 605. 


Elliptic Integral Formulas for 
Circles 


The following general formulas for the 
flux density in any position whatever, rela- 
tive to a circle which carries a current, 
have been published by Alexander Rus- 
sell’ and give the same results as equations 
2 and 8: 
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where the dimensions are as in Figure 1 
and where 
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K and E are complete elliptic integrals 
of the first and second kinds of modulus 
k, where 


k?=1—7,2/r2 (16) 


Values of K and E may be taken from 
tables, as for instance, reference 8, pages 
199 and 204. 

It is seen from Figure 1 that ro is the 
distance from P to the nearest part of the 
circumference of the circle carrying cur- 
rent. If this distance is very small, k? 
approaches 1 and the value of the elliptic 
integral K approaches infinity. When this 
occurs, the values in any table become far 
apart so that interpolated values cannot 
be obtained with precision and it becomes 
better to use a series involving logarithms 
than to use a table of values. That, how- 
ever, is equivalent to using formulas 2 and 
8, which involve logarithms. It is always 
possible to find the precise value of the 
logarithm of any given number, however 
large or small, one way being to find 
first the logarithm to base 10. 

Since equations 2 and 8 are power series 
in r?/ay, they have greater precision, the 
closer the point P approaches to the cir- 
cumference of the circle and the greater 
becomes the difficulty of obtaining the 
value of K from a table. 


Zonal Harmonic Formulas for 
Circles 


Other formulas will now be listed. The 
formulas for solenoids are put in the more 
useful and usually more concise form giv- 
ing the flux density at a point in the end 
plane of the solenoid. 
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For points near the center of the circle, 
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where 

r=x-y? (18) 
P.(x/r), Ps(x/r) and so on, are surface 
zonal harmonics which may be defined by 
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Values are tabulated in reference 8, page 
188, reference 10, and elsewhere, or they 
may be calculated from series (see refer- 
ence 9, page 169 and equation 46 of this 


paper). 
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Values are tabulated in reference 10 or 
reference 8, page 196, or they may be cal- 
culated from series, as above. 

For points at a considerable distance 
from the center of the circle, 
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See reference 11, equations 3 and 4. 
For points not far from the axis of the 
circle 
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where 
p=x* a» (24) 


Equations 22 and 23 are equivalent to 
equations 9 and 10, reference 1, page 248, 
volume 2, edition of 1893 and page 212, 
edition of 1921, changing 1,680x4 to 
1,680a2x4, 
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Formulas for Short Coils 


All these formulas for circles can be 
integrated, though not always by one 
direct step, to give expressions for the flux 
density at a point in the end plane of a 
solenoid, each applicable to a certain 
range, as approximately indicated in 
Figure 5. Each formula may be used in 
an area in Figure 5 in which its number, 
such as equation 25, occurs, and up to the 
boundary marked by an arrow leading 
from that number. The areas are seen to 
overlap. Satisfactory convergence may 
be found beyond the boundaries marked, 
and, on the other hand, the rapidity of 
convergence may be very poor for the 
thickness correction formulas near the 
boundaries. Figure 5 is a preliminary 
guide, and the criterion for use of a certain 
formula in any given case is the rapidity 
of convergence of the series. If the con- 
vergence is not suitably rapid, the formula 
should not be used in that particular case. 

By integrating equations 17 and 19 


from 0 to x, for values of r= V x2 y? less 
than approximately 0.7a (see Figures 3 
and 5), 
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where m=turns per centimeter of axial 
length of the coil. For dimensions see 
Figure 3. 
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Formulas for 1, ,and H,;,are obtained 
by putting ¢=0. For thick coils, the brack- 
ets containing power series in t/a may be 
replaced by the complete expression 
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where m is 0 or an even number. The 
values of m are 0, 2, 4, 6, in equation 25 
and 2, 4, 6, in equation 26. For m=0, the 
binomials may be expanded and m can- 
celled out before m is put=0, thus giving 
a/t logn a2/a, which may be obtained 
also by integration of 1/a. The complete 
expressions may be used also for extending — 
the formulas. 


Formulas for Infinitely 
Long Coils 


It is not permissible to integrate ex- 
pressions 20 or 21 from the limit x=0, or 
past that point, for small values of y, be- 
cause a/r would be greater than 1 and the 
series would be divergent. But the series 
and their integrals become 0 when x be- 
comes infinitely great, and so it is possible 
to integrate from x to © and obtain the 
field density at P due to a coil extending 
from x to ©. By subtracting this from 
the field at P due to a coil extending from 
0 to ~, which may be called H,,. and 
H,,, Tespectively, one obtains the field 
due to a coil from 0 to x, at a point in the 
end plane, the same as for all the other 
formulas for solenoids listed in this paper. 
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Figure 3. Magnetic field at point P near a 


solenoid 


The axial component of field at a point 
P outside a solenoid which extends to an 
infinite distance in both directions from 
P is 0, asis well known. Such a coil is the 
limiting condition of a toroidal coil of 
very large coil diameter compared to the 
section diameter. The parts of the sole- 
noid to the right and left of the radial 
plane through P give equal axial fields, 
which are therefore 0. Thus 


Am =0 (28) 


for points outside the solenoid. 

The axial field inside a coil extending to 
infinity in both directions is also well 
known to be 47nJ/10, a constant. Bye 
taking a radial plane through P, the axial 
field due to the half coil to the left of P is 
by symmetry equal to 
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OF or Pres of y which lie Peenecn a, and 
; Figure 3, the value of H,., is that due 
to the turns lying outside of y. In such a 
case 
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(30) 
The value of H,., requires more com- 
putation, for various values of y. First, 
or large values of y, the integration of 
equation 21 from x=0 to © is permissible, 
and gives 
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i 
: See equation 40. The series in ¢/a are not 
| infinite series, but are complete. The 
general expression is given in equation 41. 
__ For convenience in computation, the 
_ numerical coefficients of powers of a/y in 
_ equation 31 are 1, 3/s, 15/¢4 and 175/104. 
For small values of y, integration of 
- equation 23 from x=0 to = gives 
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For thicker coils 
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For values of y not very different from 
a, consider the mutual inductance of two 
infinitely thin coaxial solenoids of lengths 
b; and b, and with a distance between 
their adjacent end planes equal to w, as 
in Figure 4. The mutual inductance is 
given by equation 1, reference 5, as 
follows: 


M = F(xl)—F(x2)—F(x3)+Fe4) (34) 
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where, in the notation used in Figure 4 


x=) +b.+w 
X2=b+w 
X3=be+w 


y= Ww 


and where » and n’ are the turns per centi- 
meter of the two coils. 

Assume that w is a small quantity, and 
that bsis smaller still, so that the right-hand 
coil is equivalent to a turn of very fine 
wire. Then Fi, and F(,.) are to be com- 
puted by equation 7 and Fy,5) and Fy) 
by equation 6 of reference 5. Allow w to 
increase a small amount. Then, as in 
equation 7 of this paper, the radial flux 
density at the circumference of the right- 
hand coil is 
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spect to w or x, and expanding the first 
few terms in powers of 1/b;, it is found 
that the result is 0 when }, becomes in- 
finite. Differentiating 


F (23) — F(z) 
tDn'bs 


and discarding higher powers of b, and w, 
the result, excepting the terms in c’, is 
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The process of taking the same function 
of w and w+de, subtracting and dividing 
by the small quantity b. is equivalent to 
differentiating with respect tow. Expres- 
sion 36 is therefore the result of differenti- 
ating Fy, twice. But F(z was the re- 
sult of integrating equation 16, reference 
4, twice. Equation 36 should therefore 
correspond to equation 16, reference 4, 
which it does, and so the two terms in c® 
can be added from the earlier publication. 

The following correction for thickness 
may be added to equation 36: 
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Since terms in f¢4 and higher powers of t 
are omitted in equation 37, the following 
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formula for thick coils may be used in- 
stead of 36 and 37: 
Mec 


“| , 182? n le 
a le 
TOWN eae 2D 12D 


eKG eae ee lice ie 


ih ie 
16 D8 ' 320 D4 ' 384 Ds’ 24h St 
5c 11 ¢8 {Pe GN te 


— ow —— a 
9D?" 96 D8 4,800 Dé 1,440 D® ues 
ae 


Tyo = 


If y is less than a, Figure 3, then c; and cy 
are negative. If y has a value between 
that of a; and a», then c is negative and c2 
is positive. 


Formulas for Long Coils 


By an integration of equation 20 from 
x=x to ©, there is obtained the following 
formula for the axial flux density at a 
point P in the end plane of a solenoid of 
length x, for cases in which r= +/(x?+y?) 
is greater than about 1.25a (see Figures 3 
and 5): 
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6a’ 2,304a° | 2) 
See reference 12. The value of H,, is 
given by equations 28, 29, or 30, depend- 
ing on the value of y. 
By integrating equation 21 from «=x 
to «, the corresponding formula for radial 
flux density is obtained: 
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FH, (coil) =H, — 


where r?=x?+ y*. See reference 11, equa- 
tion 5. 

The value of H,,, is given by equations 
31-38 and sometimes two of these for- 
mulas can be used to check each other. If 
in Figure 3, x?+y? and x,’+y? are so 
large that equation 40 is used for both, 
then it is evident that in the subtraction 
of the two results H,,. cancels out and 


so does not need to be computed. 
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The general expression for the brackets 
in ¢ is 


a HEN PNG 
eae oe 


where m=3, 5, 7, and 9 for equations 39 
and 40 as far as shown. They are not in- 
finite series, but are complete. 

From equations 22 and 23 
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where p?=x?-+a? 


Since terms in ¢4 and higher powers of t 
have been omitted from equations 42 and 
43, the following equations may be used 
for thick coils: 
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terms in higher powers of | (45) 


Hz (coil) =H, 


H, (coil) 


where p;?=x?+a,? and p.?=x?+a,?. 

See also reference 1, edition of 1921, 
equation 28, page 222 (change 5a to 5a?) 
and equation 31, page 225. Note that 
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n?=a?+(x+b/2)? and ni=a?-+(x—b/2)? 


where is the length of the solenoid. 
The following are useful formulas for 
zonal harmonics: 


Po(u)=1; Pilu) =n; 
1 

Po(u) ir (3u?—1); 

Pa(u) 2 (5u—3y); 

sa ) abseyr q OxTH —2X3X5y?+1X3); 


P,(p) =—— (7X 9u5 —-2 X5 X7u3 +8 X 5y); 
a(u) ig X9u 


Po'(u)=0; = Pa (u) = 1; 
Po! (u)=3u; Ps’ (u) = 1/a3 Xu? —1X8); 
P4'(u) =; (5X7u3—3 X 5p) (46) 


It is to be noticed that in the formulas, 
ratios of dimensions occur almost entirely 
and in such ratios, dimensions in inches 
may be used throughout instead of dimen- 
sions in centimeters, since powers of 2.54, 
the conversion factor, would occur equally 
in the numerator and denominator of a 
ratio and would cancel out. However, the 
letter 2 means turns per centimeter and 
not turns per inch. The letter NV means 
turns per coil. 


227-4 


Figure 4. Two coils 
of unequal lengths 


The laboratory measurements which 
were made agreed with calculated values 
within a very few per cent. 

Example I. The following case, near 
to the meeting-point of three boundaries, 
enables one formula to be checked by the 
others: Find the radial component of 
field in the end plane of a solenoid where 
x/a=0.9, y/a=0.95, t/a=0 
c/a= —0.05 


I 
By equation 9, H,(;) =5.36 a 


I 
By equation 36, H;(s) = 6.26 i 


By equation 40, H,,;)=6.26— 
aX 0.95(0.446 —0.133 —0.033 +0.020+ 


I 


0.007 . ) E5355 


Tv 
By equation 43, H,:,)=6.26——— 
q r(s) 181° 


(0.706 —0.164 —0.044-+0.020+0.007...) x 


Dwight—Magnetic-Field Strength 


Example II. The following problem 
also can be computed by three different 
formulas. Find the horizontal component 
of the field in the end plane of the follow- 
ing solenoid: 


x/a=0.4, y/a=0.6, t/a=0 
c/a=—0.4 

nl 
By equation 3, H,.) =2.90 10 


nI 
By equation 25, Hz(s)=2a au. .721 (0.555-++ 


nt 
0.105 —0.004 —0.013 —0.004) =2. 0075 ; 
nt 
By equation 29, Hz(s) =2r55 
By equation 42, H,(s) ce 
1 
{ 1 —0.8712 —— pes +0.0171+ 
nT 
0.0023 —0.0001) 


Example II. A solenoid consists of 
a single layer of fine wire, a=0.971 inch; 


° 
0 02 04 06 038 ie 
a 


12 14 16 


Figure 5. Approximate ranges of applica- 
tion of formulas for magnetic field in end plane 
of a solenoid 


x=18.25 inches; y=0. The search coil 
is in the calibrating position, at the center 
of the solenoid. By equations 29 and 42 


due to the half coil, which is 0.14 per cent 
less than the nominal value for a very long 
solenoid. 

It is evident that, for accurate work, the 
calibration of search coils, or other meas- 
urements depending on the magnetic field - 
in the middle of a long solenoid, should in- 
clude a correction according to the for- 
mulas in this paper of the nominal field 
4rnI/10 in the middle of the solenoid. 

Example IV. Find the radial com- 
ponent of the field in the end plane of the 
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solenoid of example III, at eight inches 
from the axis. 


In this problem, x is equal to the full 
length of the solenoid, 36.5 inches. 


I 
By equation 31, H;(s). oat X< 0.01482 


By equation 43, H;(s) = 


I : 
ont (0.01482 ~-0.00014) 


Only a very few terms in each series are 
needed. The turns per centimeter are 
7.57 and the current in the test was 1.70 
amperes, giving H,(,) by equation 43 
=0.0593 lines per square centimeter. 
Test value=0.0589 (measurement by M. 
F. Miller). 


JuNE 1942, VoL. 61 


References 


1. AssoLuTeE MEASUREMENTS IN ELECTRICITY 


AND Maconetism, Andrew Gray. Editions of 1893 
and 1921, 


2. Tae MAGNETIC FIELD or A CrrcuLaR CyLIn- 
pricAL Corr, H, B. Dwight. Philosophical Maga- 
zine, volume 11, April 1931, page 948. 


3. On CrRTAIN BessEL INTEGRALS AND THE 
COEFFICIENTS OF Mutruav INDUCTION OF COAXIAL 
Coms, T. H. Havelock. Philosophical Magazine, 
volume 15, 1908, page 382. 


4. Scientific paper 169 of the Bureau of Stand- 
ards, Washington, D. C., E. B. Rosa and F, W. 
Grover, 


5. Some Serres ForRMULAS FOR Mutua _ IN- 
DUCTANCE OF SoLEeNorps, H. B. Dwight and F. W. 
Grover. AIEE Transactions, volume 56, 1937, 
March section, page 347. 


6. Evectrriciry AND MacGnetism, J. C, Maxwell. 


7. ALTERNATING CuRRENTS, A. Russell. Volume 
1, edition of 1914, equations 21 and 22, page 98. 


8. MatTHEMATICAL TaBLEs, H. B. Dwight. 1941. 


Dwight—Magnetic- Field Strength 


9. TasLes or INTEGRALS AND OTHER MATHE- 
MATICAL Data, H. B. Dwight. 


10 (a) TABLES OF THE SPHERICAL FUNCTION Py(x) 
AND Its Derivep Functions, H. Tallquist. 
Acta Societatis Scientiarum Fennicae, Helsingfors, 
Finland, volume 32, 1906, pages 5-27. 


(6) Srx-PLace TasLrs or THE 16 First SuR- 
FACE ZONAL Harmonics Pp(x), H. Tallquist. 
Acla Societatis Scientiarum Fennicae, Helsingfors, 
Finland, 1937. 


(c) Srx-PLace TABLES or THE 32 First SuR- 
race ZONAL Harmonics Pp(cos 0), H. Tallquist. 
Acta Societatis Scientiarum Fennicae, Helsingfors, 
Finland, 1938. 


11, Somp ForMULAS ror THE STRENGTH OF THE 
MAGnpetic Fre_p or a CytinpricaL Cort, Robert 
F. H. Chao. Journal of Mathematics and Physics, 
Massachusetts Institute of Technology, volume 10, 
1981, pages 13-18. 


12. Tue Force Between UNEQUAL REACTANCE 
Coms Witn PARALLEL Axes, H. B. Dwight and 
R. W. Purssell. General Electric Review, July 1930, 
page 401, equation 4. 


13. CHamp Macnitigue pv’uN SoLfnoipe, O, 
Billieux. Revue Générale de l’Electricité, volume 6, 
page 67, July 19, 1919 and page 827, Dec. 13, 1919. 


TRANSACTIONS 3833 


Aircraft Voltage Regulator and Cutout > 


R. C. JONES 


NONMEMBER AIEE 


Synopsis: In the electrical system on air- 
craft, the voltage regulator and reverse- 
current cutout are key pieces of equipment 
which, in addition to having requirements of 
utmost dependability, must be small, light 
in weight, and of a design adaptable to 
manufacture on a quantity production basis. 
The conception and simplification of the 
prime requirements and their attainment by 
careful analytical designing is described in 
this paper in such a way as to show not only 
the steps in design but also the pertinent 
application features. 


EQUIRED: A_ voltage regulator 
which weighs less than one-fifth its 
nearest relative in the industrial field, and 
a reverse-current cutout weighing less 
than one-sixth an industrial contactor of 
. equivalent current rating. Such were 
some general requirements of the genera- 
tor voltage regulator and cutout whose 
design and development are described in 
this paper. This development involved a 
careful combination of electrical and me- 
chanical engineering principles and neces- 
sitated continuous attention being paid 
to the application requirements. The 
magnitude of the design problem involved 
is emphasized by stating that in addition 
to all those problems normally encoun- 
tered there are the problems created by the 
prime requirements of low weight and 
small size, as well as those created by 
atmospheric conditions. In this paper the 
voltage-regulator is taken up first, and 
this is followed by the reverse-current cut- 
out. 
Mr. T. B. Holliday in the paper ‘‘Ap- 
plication of Electric Power in Aircraft”’ 
(ELECTRICAL ENGINEERING, volume 60, 


Figure 1. View of voltage regulator showing 
resistors on left and operating magnet on right 
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May 1941, pages 218-25) gave a very com- 
prehensive picture of the problems and 
requirements of electric equipment for 
aircraft, as seen by a member of the ma- 
teriel division, Wright Field, United 
States Army Air Corps. A review of that 
paper provides an excellent foundation 
for appreciation of specific design prob- 
lems such as treated in this present paper. 


Voltage Regulator 


The aircraft voltage regulator described 
in this paper is shown in Figure 1 and is 
suitable for operating with any approved 
28.5-volt d-c self-excited generator whose 
maximum field current (at full load and 
minimum speed) is not more than eight 
amperes, and whose minimum field cur- 
rent (at no load and maximum speed) is 
0.5 ampere. A schematic diagram is 
shown in Figure 2. Additional specific 
requirements are: 

1. Hold voltage within +2 per cent of 
28.5 volts. This must be maintained over 


the range from no-load to full-load generator 
current, while the generator speed may vary 


. from 2,500 to 4,500 rpm. 


2. Radio interference must be held to a 
minimum. 


38. Satisfactory operation with air condi- 
tions varying over a range of: —40 degrees 
centigrade to +60 degrees centigrade in 
temperature, sea level to 35,000 feet in 
altitude 10 to 90 per cent in relative humid- 
ity. 

4. Must fit on a standard quick-mounting 
base which includes all electrical connec- 
tions. 


5. Dimensions including base must not 
exceed 61/>-inch length, 4-inch width, and 
37/s-inch depth, and of this a total space of 
21/2 inches by 4 inches by 1 inch must be 
kept free for mounting base terminal studs 
and cables. 


6. Weight must not exceed 2.5 pounds. 


7. Current-carrying capacity of contacts = 
15 amperes continuous. 


8. Regulator to vary the field resistor be- 
tween 0.25 ohm and 75 ohms in such a way 
that generator-voltage surges do not exceed 
three volts. 


9. Regulator must operate satisfactorily 


Paper 42-48, recommended by the AIEE committee 
on air transportation for presentation at the AIEE 
winter convention, New York, N. Y., January 
26-30, 1942. Manuscript submitted November 17, 
1941; made available for printing January 22, 1942. 


R. C. Jones is transportation control engineer, 
D. W. ExNER small motor division engineer, and 
SHERWIN H. WRIGHT new products division engi- 
neer, all with Westinghouse Electric and Manu- 
facturing Company, East Pittsburgh, Pa. 
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with as many as five generators and regula- 
tors connected in parallel and provide equal 
division of load. Maximum deviation from 
the average value of load must not exceed 
10 per cent of generator full-load rating. 


The above requirements call for a rather 
unusual piece of equipment involving 
major development. It might well be 
added that neither the attaining of such 
requirements nor their prior recognition 
as key characteristics are matters that 
could be or were settled in a moment or 
by superficial analysis or study. Rather, 
the setting down of the requirements and ~ 
their practical attainment were the result 
of the engineers of the materiel division 
keeping a step ahead of the best efforts 
of the manufacturer’s design engineers, 
thus leading to the final result in a mini- 
mum of time. 

The voltage-regulator is conveniently 
divided into four parts in this discussion: 


1. Contact device. 

2. Operating magnet. 

3. Resistor. . 
4. Base. 


These four parts will be treated separately 
and in that order. 


Contact DEVICE 


A multicontact type of regulator was 
chosen as being best fitted to meet the 
requirements. The Silverstat unit illus- 
trated in Figure 3 is an industrial type of 
multicontact device which has proven it- 
self by years of service on innumerable 
applications. It consists essentially of a 
number of spring bronze leaves with built- 
in silver contacts at the movable end of 
each leaf. At the stationary or clamp end 
of the assembly short strips are used be- 
tween each leaf to both insulate and space 
them from each other. The movable ends 
of the leaves lie against an insulation block 
whose face is cut at an angle such that, 
in the free position, all contacts are open 
and equally spaced. The opening force 
on each contact is dependent upon the 


VOLTAGE 
REGULATOR 


248-2 


OPERATING! 
MAGNET" 


LOAD 


Figure 2. Schematic diagram of voltage 


regulator 
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INSULATING 
BLOCK 


Figure 3. Industrial-type Silverstat unit 


tension in its own leaf. Since the leaves 
are spaced approximately 1/54 inch apart, 
and since accurate response to small 


: changes in voltage is necessary, the leaf 


: 


material must be straight and must have 
very consistent spring characteristics. 
On the standard Silverstat assembly, 
which has been in production for indus- 
trial applications for some years, it has 
been found necessary to maintain a very 
careful control of the leaf material in order 
to insure proper leaf characteristics. The 
standard leaf material, however, was im- 
practical for the aircraft regulator, as 


_ markedly higher conductivity and shorter 


lengths of leaves operating in a wider 
range of ambient temperatures were re- 
quired. In view of this, the successful 
quest for a new material was a metallur- 
gical achievement of no small moment to 
the designer. 

Other factors and problems entering 
into the design of the contact unit were 
those connected with the generator itself. 
In the first place the generators to be regu- 
lated were themselves in the develop- 
ment stage. Calculated generator char- 
acteristics had to be checked, and the de- 
signs changed to be suitable for operation 
in a regulated voltage system. Changes 
were being made in the generator speci- 
fications giving new field-current limita- 
tions. Initially, consideration was given 
to limiting the total field current to 12.5 
amperes and allowing the use of two field 
circuits both on the generator and the 
regulator. Final specifications limited the 
field current to eight amperes and re- 
quired that the regulator use only one cir- 
cuit which would vary the field resistor 
from 75 ohms to 0.25 ohm in steps that 
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would not produce surges higher than 
three volts at the generator tefminals, 

A double-deck construction of the con- 
tact assembly is used to obtain the neces- 
sary number of contact leaves in minimum 
space. This also reduces the movement 


required between the all-open and _all- 


closed position of the contacts to one-half 
of the standard construction which has all 
leaves in line. The full number of steps 
is obtained by alternating the operation 
of the contact leaves in the upper and 
lower stacks. The mechanical assembly of 


’ this double-decked Silverstat is accom- 


plished by the preassembly of the leaves 
and insulation in a fixture which estab- 
lishes the correct relation of parts and ce- 
ments them together. After being baked 
to fix the cement, these stacks are placed 
in the double-deck frame and adjusted to 
proper relation and spring tension. Each 
Silverstat assembly is checked in a pres- 
sure-measuring device and adjusted to 
have the same corresponding leaf in each 
stack operate at the same pressure. This 
is necessary to obtain consistent results 
required in quantity production. 


OPERATING MAGNET 


_ The operating magnet supplies the 
activating force for closing or releasing 
as many leaves and steps as is required to 
establish a voltage within the chosen 
limits. It must respond to small changes 
in voltage, moving only enough to read- 
just the field circuit resistance to the 
proper value, and it must be small and 
of such form as to fit in compactly with 
the other units. Temperature effects 
must be compensated for, and residual 
magnetism kept to a minimum. The 
moving member must be shockproof. 

A clapper or moving-iron type is the 
form of magnet chosen for this applica- 
tion. See Figure 1 which shows the arma- 
ture at the left of the coils. Two long 
slender coils are employed in order to ob- 
tain the lowest winding weight. The sta- 
tionary part of the magnetic circuit is ar- 
ranged in the form of a U with a coil on 
each leg. The armature which completes 
the circuit is pivoted parallel to the line 
of the two coils. To reduce the number of 
partsand obtain a unit assembly, the pivot 
support is made by extending the flat sec- 
tion of iron connecting the twocores, paral- 
lel to the coils to a point approximately 
even with the open end of the magnetic 
circuit, then bending this extension at 
right angles. To minimize weight, the ex- 
tended section of frame is cut out, leaving 
only a skeleton form having sufficient me- 
chanical strength. This is possible since 
the material is not in the magnetic circuit. 

To obtain dependable as well as fric- 


Jones, Exner, Wright—Aircraft Voltage Regulator 


tionless pivot action, a leaf spring is used. 
The armature itself is made of a single 
flat piece of iron cut out around the pivot 
for free action and extending beyond the 
pivot to provide for attachment of the 
calibrating spring and to act as a counter- 
balance. An insulation angle is attached 
to the coil side of the armature to act as 
the contact operating member. The sta- 
tionary end of the calibration spring is 
supported by a strip of bimetal attached 
to the frame. 

Adjustment of the calibration spring is 
obtained by a novel scheme using a mini- 
mum number of parts, and is best de- 
scribed with the aid of Figure 4. A hole is 
punched in the stationary support to fit 
a threaded stud with one side machined 
flat; a small point is lanced out of the 
support in proper relation to the hole to 
engage with notches on the circumference 
of the adjusting nut. With the regulator 
magnet completely assembled, the ten- 
sion of the calibrating spring holds the 
adjusting nut in engagement with the 
point, locking it securely. To change the 
adjustment it is necessary to tip the ad- 
justing nut and stud just enough to dis- 
engage them from the locking projection, 
then rotate the adjusting nut. The nut 
is made from a standard pinion stock rod 
and the fineness of adjustment is deter- 
mined by the number of teeth. The final 
choice of: 


1. Thread for the adjusting stud of the 
calibrating spring. 


2. Teeth on the adjusting nut. 


resulted in a design giving 0.05 ounce 
change in adjustment per notch or tooth. 

The design of the calibrating spring is 
complicated by the building up of the 
contact assembly load when the spring 
loading decreases, also by the fact that the 
contact assembly load is high in propor- 
tion to the magnet pull. 

With the lightweight clapper-type mag- 
net it is impractical to obtain stable regu- 
lator operation without some form of 
damping. To obtain damping, trial was 


Figure 4. End view of voltage regulator 
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* Figure 5(left). Dash- 


=) CONTACT 
pot attachment 


|| OPERATING 


l PLUNGER 


Figure 8 (right). Simplified view 
of reverse-current relay structure 
showing balanced armature and 

location of polarizing magnet 


SPRING 


made of electrical damping circuits, elec- 
trodynamic dampers, and mechanical 
dampers, but none was satisfactory. An 
air dashpot was tried and found to have 
very desirable characteristics, and it gave 
excellent results. Both the piston and 
plunger of this dashpot are made of stain- 
less steel. This minimizes the effects of 
differential expansion due to temperature, 
and of corrosion. 

Because the end of the armature moves 
in an arc, and the dashpot plunger in a 
straight line, it was necessary to provide a 
connection between them which would not 
set up a side pressure on the stationary 


Lr 


EVERSE CURRENT CUTOUT 


Figure 6. Schematic diagram of reverse-cur- 
rent cutout 


Figure 7. Reverse-current cutout 
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cylinder. Common practice is to include 
a universal joint in an operating-rod as- 
sembly of this type, but such construction 
is subject to friction and play, both of 
which are detrimental to accurate regula- 
tion. To avoid these faults a long piece of 
spring wire is employed as a column, one 
end being soldered in the plunger and the 
other end slipped through a close-fitting 
hole in the contact-operating arm. See 
Figure 5. This same end is bent at a right 
angle and is sprung to go into another 
close-fitting hole in the angle of the arm. 
This results in a tight connection with 
minimum weight and number of parts. 

To allow maximum tolerance on the 
plunger and cylinder diameters, and thus 
facilitate manufacture, a needle valve is 
provided for adjusting the restraining ef- 
fect of the dashpot. The cylinder is 
mounted on a stud extension from the 
main body, and the needle valve located 
inside this stud, thus adding only one part 
and no weight. Friction is minimized by 
putting a mirror-smooth polish on the out- 
side of the plunger and the inside of the 
cylinder, and by use of a carefully chosen 
lubricant. 

Because of the wide variation in operat- 
ing temperature encountered by aircraft, 
considerable thought was given to the best 
method of compensating for the tempera- 
ture range produced by both ambient 
change and coil heating. The tempera- 
ture effect in this regulator is limited by 
winding the coils with an alloy wire hav- 
ing a temperature coefficient of approxi- 
mately one-eighth that of copper and a 
specific resistance of six times that of 
copper. This gives heavier coils but 
eliminates the use of an external resistor. 
It also eliminates the problems of: 


1. Finding a negative temperature coeffi- 
cient resistor to suit this application. 


2. A construction for keeping the tempera- 
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tures of the two parts together so that there 


is a minimum time lag in correcting for coil 
heating and cooling. 


To correct for the smaller effect of tem- 
perature on the alloy wire, a bimetal strip 
mounted on the magnet frame is used for 


the stationary support of the calibrating , 


spring. This is located between the 
points where the two coil cores attach to 
the frame. Heat transfer from the coil 
windings to the cores and frame is im- 
proved by winding the coils directly on 
the cores, thus eliminating the heavy in- 
sulating tube and air space required where 
a separate self-contained coil is used. 
The bimetal strip reduces the calibrating 
spring tension with a rise in either coil or 
ambient temperature. It is necessary to 
co-ordinate the bimetal support and cali- 
brating-spring design closely to gain the 
ultimate in compensation. The scheme 
used provides regulation within the re- 
quired limits under all operating condi- 
tions. 


RESISTOR DESIGN 


The field resistor presents two separate 
problems. The first is to obtain a form 
that will be light enough, work into a 
compact unit and have taps which are ac- 
cessible for wiring. The problem was 
solved only by the wholehearted co-opera- 
tion of the resistor manufacturer. The 
original estimate of the resistor weight 
for the 200-ampere generator was one 
pound, leaving 11/2 pounds for the regu- 
lator mechanism and mounting base. The 
final resistor design weighing one-half 
pound was reached only after intensive 
study of operating conditions, and by 
many tests. 

The second problem is that of designing 
the resistor with the right resistance steps 
to give even voltage response from the 
generator without overloading the con- 
tacts. This requires the co-ordination of 
generator characteristics with the regu- 
lator response and balancing these against 
practical voltage and volt-ampere limita- 
tions of the contacts. The work on this 
problem was complicated by the changes 
in generator design and by the require- 
ment that the regulator be satisfactory 
for regulating any Air Corps approved 
generators of the 50-, 100- and 200-am- 
pere capacities, without reconnection of 
the resistor. The characteristics of the 
various sizes of generators had to be 


studied, and the resistor steps changed to _ 


the best over-all compromise. The resis- 
tor steps were of such low value in the 
high current zone that a ribbon type of 
resistor material had to be used. This is 
corrugated after the fashion of the stand- 
ard Ribflex round resistor tubes, but 
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Mountine BASE 
) The regulator base presents no special 
problems, since the other parts are de- 
signed as individual units, all mounting 
from the same flat surface. The base is, 
therefore, flat except for the special lugs 
for mounting on the standard subbase. 

It is cut out for weight reduction and for 
‘maintenance purposes and carries a special 
contact assembly needed to complete 
electrical circuits to the mounting panel. 
A perforated metal cover is furnished to 
protect the resistor. 

_ The complete regulator in its final form 
as shown in Figures 1 and 4, weighs less 
than 2.0 pounds, is 5'5/j. inches long, 4 
_ inches high, and 3%/, inches deep. It has 
passed all laboratory tests successfully, 
operated satisfactorily on test flights and 
is now in quantity production. 


Reverse-Current Cutout 


The demand for a reverse-current cut- 
out to handle the 100- and 200-ampere 
28.5-volt generators arose coincident with 
; the need for a voltage regulator. In June 
_ 1940 the materiel division issued a tenta- 
_ tive specification for a 100-ampere device 
; weighing less than two pounds and a 200- 
_ ampere device with a 2.5-pound limit. 
For reasons explained later, the 100-am- 
pere rating has since been abandoned. - 

While the aircraft cutout performs the 
same function as the well-known automo- 
bile cutout, namely to connect the genera- 
tor to the battery and load when the gen- 
erator voltage is sufficient to charge the 
battery, and to disconnect it when the 
voltage drops below the charging point, 
conditions peculiar to the aircraft electri- 
cal system demand a higher standard of 
performance. In particular, the storage 
battery has a much lower ampere-hour 
capacity in proportion to the generating 
capacity, making a low reverse-current 
dropout setting desirable. Because opera- 
tion of two or more generators in parallel 
is usual, a pickup voltage as close as pos- 
sible to the normal regulated voltage of 
the generators is necessary to prevent ex- 
cessive chatter in closing. This require- 
ment results in close specification of pick- 
up voltage tolerances. 

The tentative specification called for 
opening at a reverse-current of not more 
than five per cent of the continuous rating, 
and set the pickup voltage between 26.8 
and 27.2 volts, or an accuracy of plus or 
minus three quarters of one per cent. It 
was further specified that the device 
should be capable of opening a current 
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equal to 150 per cent of its rating. Maxi- 
mum dimensions were set at four by four 
by four inches. These cutouts may fre- 
quently be mounted close to the main 
engines where severe vibration is en- 
countered. To ensure sound mechanical 
construction a ten-hour vibration test is 
specified, with a total excursion of 0.07 
inch and a frequency varying periodically 
between 10 and 55 cycles per second, 

During the course of the development, 
modifications of the requirements nar- 
rowed down the original problems and in- 
troduced new ones. The first addition was 
the requirement that the cutout should 
not close on application of reversed volt- 
age. The arc-rupturing capacity of the 
200-ampere unit was increased to 500 am- 
peres. An over-all millivolt drop was in- 
cluded and finally whittled down to 85 
millivolts at rated current, with the fur- 
ther provision that this must not exceed 
95 millivolts after 100 operations of the 
arc-rupturing test. On the basis of pre- 
liminary models submitted by manufac- 
turers, the materiel division reduced the 
weight limit of the 200-ampere cutout to 
2.25 pounds, 

Past experience made it clear from the 
beginning of the development that the 
measuring and circuit-operating functions 
should not be combined in one structure, 
but rather that the design should comprise 
a relay in addition to a contactor. It is 
impractical to provide high calibration 
accuracy in a device which also must carry 
and efficiently rupture high current. In 
addition to the greater friction and con- 
tact wear effects, the calibration change 
with temperature cannot readily be con- 
trolled without an objectionable increase 
in weight. The necessity for polarization 
also influenced the decision to use a sepa- 
rate measuring relay. Figure 6 gives 
schematically the circuit of such a device 
consisting of a relay having a shunt volt- 
age-measuring coil RCV, a series current 
coil RCS, and contacts RC energizing the 
coil of contactor C. Figure 7 shows the 
cutout in final form. 


RELAY 


The term ‘“‘polarization’’ presupposes 
the existence of a reference factor of con- 
stant direction with which to compare the 
generator voltage. This factor may be 
voltage from a battery, the unidirectional 
conduction of a rectifier, or the fixed 
polarity of a permanent magnet. For the 
purpose of a reverse-current cutout, the 
use of battery voltage as a reference is the 
most direct line of attack and has the 
definite advantage of preventing circuit 
closure when either the battery or genera- 


tor is reversed. It has the disadvantage 
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of draining current from the battery when 
the generator is idle. Variations in bat- 
tery voltage have an adverse effect on the 
accuracy of calibration. 

Use of a rectifier as a reference, while 
satisfactory for many applications, in 
general involves a weight handicap. 
Dry-plate rectifiers, in a case of this kind, 
must be applied with caution because of 
the wide range of temperatures which 
may be expected. High ambient tempera- 
ture, coupled with normal internal losses, 
may result in failure. The change in recti- 
fier characteristics with temperature may 
be reflected in calibration errors, especially 
at sub-zero temperatures where all dry- 
plate rectifiers show a large increase in 
forward resistance. The fact that such 
rectifiers have a negative temperature 
coefficient can be used to advantage to 
balance the positive coefficient of copper 
windings over a moderate temperature 
range. Over a wide range this is less prac- 
tical because the rectifier resistance does 
not change linearly with change in tem- 
perature. 

Polarization by a permanent magnet 
overcomes the disadvantages of the other 
two methods. Proper application of the 
better magnetic materials which have 
been developed in recent years provides a 
reference polarity of stability adequate to 
meet the requirements. The proportions 
of the permanent magnet may be selected 
so that, with a given permeance of the 
associated magnetic circuit, the desired 
flux is obtained with minimum weight. 
It should be so located as to minimize the 
demagnetizing effect of external fields, par- 
ticularly the field of the relay series coil. 


The high sensitivity of a polarized relay 
recommends it for this service. The re- 
quired sensitivity is determined by the 
specified reverse-current and the turns in 
the series coil. Minimum weight demands 
that the relay operate with a single-turn 
series coil for the highest current rating 
for which the frame is intended. Multi- 
ple-turn coils may then be used for lower 
ratings. The relay used in this cutout was 
designed to have a single-turn coil in the 
200-ampere rating, so that with the re- 
verse-current specified as 10 amperes, it 
must drop out on a 10-ampere-turn re- 
versal as a maximum limit. Reasonable 
manufacturing and testing tolerances re- 
quire a design value of six or seven am- 
pere-turns. 

For positive contact operation a snap 
action is necessary in opening and closing. 
This requires that the armature, in clos- 
ing, move into a denser magnetic field 
where the force is greater than that re- 
quired to move it out of its initial position. 
The reduction in ampere-turns required 
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to decrease the pull to the drop-out value 
is produced by the bucking action of the 
series coil. Experience has shown that a 
drop-out-to-pickup ratio of 0.8 is near the 
maximum which will provide satisfactory 
snap action. If we use this value and a 
drop-out-to-pickup differential of seven 
ampere-turns, the correct pickup value 
will be approximately 35 ampere-turns. 

Because of the vibration and shock con- 
ditions encountered on aircraft, as well as 
the high acceleration forces produced by 
maneuvering and flight in rough air, full 
static balance is essential on the moving 
parts of all accurate relays. If the relay 
structure is not inherently balanced, 
counterweights must be added even 
though they mean an objectionable in- 
crease in weight. The magnetically polar- 
ized relay is easily modified into an in- 
herently balanced mechanical structure 
by the use of a center-pivoted armature 
having a working air gap at each end. 
This requires the addition of sufficient 
counterweight to balance the weight of the 
light moving contact only. 

Figure 8 shows the details of the relay 
in its final form. The center-pivoted 
armature operates between the two U- 
shaped poles which are polarized by the 
cobalt steel magnet. The armature and 
poles are made- of hydrogen-annealed 
Hipernik magnetic alloy to minimize 
hysteresis which would otherwise be ob- 
jectionable in a low energy relay. To 
avoid the critical adjustment required in 
assembling cone pivots without damage or 
looseness, small diameter polished pin 
bearings are used. The shaft is 18-8 
stainless steel running in bronze bearing 
screws. A stainless-steel torsion spring 
with screw adjustment contributes to the 
shock resistance of the relay and gives 
latitude of correction for manufacturing 
variations. A stamped brass bridge sup- 
ports the armature, spring, and stop 
screw, so that the whole assembly may be 
removed after taking out the screws which 
fasten it to the poles. The combined 
shunt and series coil spool surrounds the 
armature and is contained within the poles, 
the whole assembly being supported from 
the base by an aluminum mounting frame. 


CONTACTOR 


The contactor magnetic circuit is of 
conventional clapper design, but the con- 
tact structure is turned around from the 
usual position in order to place the pivot 
near the center of gravity. This reduces 
the armature spring strength required to 
provide stability under shock, and so 
somewhat reduces the weight of the mag- 
netic circuit. 

When large currents are to be inter- 
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rupted it is important to remove the arc- 


ing from the main contact surfaces to pre- 
vent a rise in millivolt drop after repeated 
operations. Auxiliary arcing tips, open- 
ing after the main contacts have sepa- 
rated, are sometimes used for this purpose, 
but they have several disadvantages. In 
lightweight devices there is a tendency to 
make them too weak so as to add as little 
as possible to the magnet load. They are, 
therefore, vulnerable to mechanical dam- 
age in handling and may not always be 
effective. Being electrically in parallel to 
the main contacts they carry a portion of 
the main current. Gritty dust deposited 
on the main contacts may cause all of the 
main current to pass through the arcing 
tips; a load which they seldom can be de- 
signed to carry for more than a short time. 

A more satisfactory solution is the con- 
ventional rolling contact wherein the final 
opening always occurs at the tip, leaving 
the contact heel clean. By varying the 
kinematic layout, any reasonable value of 
wipe or scrubbing action may be obtained 
to keep the contacts clean and break 
through dust deposits. This is accom- 
panied by a strong toggle action capable of 
prying apart contacts partially welded 


by heavy overload. Almost universal use © 


of this construction on industrial contac- 
tors indicates its superiority. 

The moving contact is an extruded cop- 
per shape with a silver-alloy contact face. 
This part is sufficiently balanced with re- 
spect to its pivot so that the spring is able 
to maintain adequate contact pressure 
against vibration accelerations in excess 
of those obtained in the specification test. 
The flexible copper shunt is brazed di- 
rectly to the extruded contact by an elec- 
trically-controlled spotwelding process us- 
ing a water spray to prevent annealing or 
oxidation of the shunt strands. To mini- 
mize the bending action as the contactor 
operates, the point of shunt attachment is 
located close to the contact pivot. 

The silver-alloy-faced stationary con- 
tact is carried by a steel extension of the 
magnet frame, giving a rigid support and 
making the whole contactor a self-sup- 
ported unit. The stationary contact 
structure is so shaped with respect to the 
moving contact that the current path 
forms a sharp loop as the contacts sepa- 
rate. This produces a noticeable magnetic 
blowout action which is particularly use- 
ful at currents of 100 amperes and higher. 


Instead of using the conventional ar- 
rangement with separate armature and 
contact springs, both functions are per- 
formed by one stainless-steel tension 
spring. Elimination of the extra parts re- 
duces the size and weight and simplifies 
the assembly. The characteristics of any 
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usual double-spring combination may be 
essentially duplicated with care in the se- 
lection of the factors of spring stiffness, 
lever arm lengths, and pivot locations. 
Contact force of one pound is obtained in 
the sealed position, measured at the con- 
tact tip. 

Previous to the design of the magnetic 
circuit, complete magnetic torque data 
were taken on a somewhat smaller frame 
having similar proportions. These data — 
were extrapolated to obtain the propor- 
tions of a magnet having a torque curve © 
fitting the desired torque curve of the 
contact and spring system, Tests on a 
model showed that the first approxima- 
tion was fairly close, requiring only deter- 
mination of the best core head and body 
diameters to obtain the optimum design. 
The critical portion of the torque-versus- 
distance curve is the point at which the 
contacts initially touch. As it is unreli- 
able to depend on kinetic energy to carry 
the armature over this point, sufficient 
magnetic torque must be obtained at the 
minimum design voltage and maximum — 
coil temperature. Best results are ob- 
tained with a three-quarter-inch head di- 
ameter and a seven-sixteenths-inch core- 
body diameter. The core end has an in- 
tegral threaded stud which passes through 
the frame and is secured by a nut, a con- 
struction which eliminates the sharp re- 
duction in core area caused by tapping a 
fastening screw into the core. 

Since it is most economical in weight to 
limit saturation to the core at the touch 
point of the torque curve, the frame has a 
greater cross-sectional area than the core 
near the junction of the two. The frame 
area is reduced near the hinge because of 
the lower leakage flux passing into this 
portion. 


Low reluctance of the unavoidable mag- 
netic gap at the armature hinge is impor- 
tant, since this joint consumes ampere- 
turns which would otherwise be more use- 
fully employed at the core-head air gap. 
In addition to minimizing mechanical 
clearance at this point, an ear is bent 
down from each side of the armature to 
utilize the side area of the frame. The 
magnetic parts are made from low carbon 
steel and given 925 degrees centigrade 
annealing in a hydrogen atmosphere to 
improve the permeability and decrease the 
residual. The results permit the use of a 
0.005-inch-thick residual shim. 

With the core diameter and length de-- 
termined by magnetic considerations, the 
mean diameter of the coil is determined 
primarily by the heat dissipation rate. 
Usual construction methods, involving a 
coil wound on an insulating tube and 
slipped loosely over the core, give a high 
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kinds of apparatus have been made 
available for increasing the reliability of 
transmission circuits. These include high- 
speed relays, high interrupting speed 
breakers, ground-fault neutralizers, pro- 
tector tubes, and high-speed reclosing 
breakers. Though they may be used in 
combination, ground-fault neutralizers, 
protector tubes, and high-speed reclosing 
breakers offer alternate methods for re- 
ducing the outages on the transmission 
circuit. The reliable loading of a trans- 
mission circuit may also be increased by 
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thermal drop between the two, and de- 
pend, therefore, mainly on heat dissipa- 
tion from the barrel area. By winding the 
coil directly on the mica-insulated coreand 
impregnating the whole assembly, an ex- 
cellent thermal joint is obtained, allowing 
a large portion of the heat to be conducted 
into the frame and armature for dissipa- 
tion. The reduction in coil weight by this 
construction may be as high as 50 per 
cent, based on designs having equal values 
of hot ampere-turns and temperature rise 
as measured by resistance. 

The complete contactor, with a rating 
of 200 amperes and 29 volts continuously, 
weighs under 14 ounces and is capable of 
rupturing in excess of the 500 amperes 
called for in the specification. With its 
stainless-steel pivot pins operating in 
bronze bearings it has undergone a me- 
chanical life test of 3,000,000 operations 
without measurable wear or broken shunt 
strands. 

The contactor and relay designs were 
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introducing intermediate switching sta- 
tions and by increasing the interrupting 
speeds of existing breakers. 

Considerable technical-application in- 
formation has been presented to aid in the 
general understanding and use of most of 
this equipment. Although many success- 
ful applications of high-speed breaker re- 
closing have been made in recent years, 
there still appears to be a real need for an 
analysis of the general possibilities and 
limitations of high-speed reclosing of both 
the three-phase and the single-phase types. 
This paper attempts to present such an 
analysis. 


General Considerations for 
High-Speed Reclosing 


High-speed reclosing circuit breakers 
have been shown by experience and analy- 
sis to be capable of improving the reli- 
ability of transmission systems.) 
Where they may be used to best advan- 
tage can be fairly well predetermined by 


stability studies and analysis of test and 
experience information. Fundamental to 
the problem are: 


1. Maximum permissible time—after the 
fault has been cleared—for de-energization 
of the faulted circuit without loss of syn- 
chronism. 


2. Minimum permissible time for deioniza- 
tion of the fault arc. 


The first depends upon the following fac- 
tors: 


a. System arrangement and design. 


b. Amount and distribution of generating 
capacity. 


c. Load being carried on faulted circuit 
and remainder of system. 


d. Type, duration, and location of fault. 


The second depends upon many factors, 
among which are: 


Fault current and-its duration. 


ey ie 


Length of arc. 
c. Number of conductors involved. 
d. Tower and circuit configuration. 


Insulator dielectric strength. 


2 


-h 


Weather conditions. 


g. Multiple lightning stroke phenomena. 


The first fundamental consideration, 
the maximum time the faulted circuit may 
be deenergized without loss of synchro- 
nism, can be determined by analysis. 
It is generally recognized that sys- 
tems sometimes pull back into syn- 
chronism even though they may be re- 
closed together out of synchronism or at 


co-ordinated to permit combining them on 
a four-by-four-inch square base with a 
direct line of connection between the main 
generator and battery terminal studs so 
as to minimize the weight of connectors 
and the over-all millivolt drop, which is 
less than 75 millivolts at 200 amperes. 
The base is molded plastic, ribbed for stiff- 
ness and minimum weight, and is recessed 
to keep the main and control terminal 
posts from turning under wrench forces. 
Over-all weight of the complete 200- 
ampere cutout is less than 1.90 pounds. 
This is under the weight originally speci- 
fied for the 100-ampere rating. Further- 
more, the weights of models submitted by 
the several manufacturers showed a uni- 
form difference of only a few ounces be- 
tween the 100- and 200-ampere ratings. 
Since the weight advantage was so slight 
the materiel division wisely decided to 
eliminate the 100-ampere rating and use 
the 200-ampere size for both the 100- and 
200-ampere generators. 
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Conclusions 


Aircraft electrical equipment, such as 
voltage regulators and cutouts, must meet 
most of the requirements found in other 
industrial applications, and in addition 
must have certain special characteristics. 
These special characteristics have to do 
with weight, size, and atmospheric condi- 
tions. 

While aircraft-application requirements 
of electrical equipment differ in certain 
respects from those of other related in- 
dustrial applications, it is to be expected 
that the use of equipment specially de- 
veloped for aircraft service may well be 
extended to other fields. 
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TIME FOR STABILITY — CYCLES 


MAXIMUM PERMISSIBLE DEENERGIZATION 


© 50 100 150 200° 250 300 350 
LENGTH OF LINE —MILES 
Figure 1. System tie—single-circuit line. 
Three-phase clearing and reclosing 
Sending-end power=1.1X2.5(kv)2. Hi= 
H, = 20 on kilovolt-ampere base of 2.5(ky)?. 
Refer to appendix | and Figure 13 


so large an angular displacement that 
synchronism is temporarily lost. The 
severity of the consequent disturbance de- 
pends upon many factors, but the phe- 
nomenon further supports the advisability 
of quick reclosing. However, operating 
experience, in general, indicates that it is 
not desirable even under emergency con- 
ditions, to allow for anything but a short 
interval of nonsynchronous operation. 
The time for deionization of an arc is 
variable and it becomes good practice to 
allow as much time as possible for the de- 
ionization without encroaching too closely 
upon the stability limits of the system. 
Information as regards the deionization 
time is rather meager. The best data are 
given in a series of papers showing results 
obtained on the American Gas and Elec- 
tric Company systems.’?3 These indi- 
cate that a time of six to nine cycles for 
three-phase clearing and 12 cycles for re- 


Figure 2. System tie—100-mile single-circuit 
line 


Three-phase and single-phase switching. Type 

of switching indicated for each curve by 

(1¢) or (3¢). Refer to appendix | and 
. Figure 13 


energizing results in about 90 per cent suc- 
cessful operation. 
point of 12 cycles for deionization time at 
138 kv, with three-phase clearing and re- 
closing. Under some conditions the ac- 
tual time necessary for deionization will 
be less than 12 cycles, while under severe 
conditions it may be more. With single- 
phase switching the arc on the faulted 
conductors, after the line breakers have 
opened, tends to be maintained by the 
capacitive coupling with the sound phase 
or phases. Longer times are probably re- 
quired for deionization of the are path 
with single-pole switching.4 See appendix 
III. It seems evident that the optimum 
time for de-energization is not necessarily 
a fixed value but is determined by system 
conditions. Itis hoped and expected that 
further tests and experience information 
will be made available by the operating 
companies. 

If the stability margins are small, it may 
become justifiable to decrease the allowed 
time for deionization; while if the sta- 
bility margins are large, it would appear 
that a longer time could be allowed. An 
extreme case of a large stability margin 
(sufficient parallel circuit strength) would 
require no reclosing at all. Between the 
two extremes of stability conditions, rep- 
resented by a single circuit tie and a cir- 
cuit with many parallel ties, there exist 
many conditions and cases where high- 
speed reclosing of some form may be used 
to advantage. The aim is to obtain im- 
proved reliability over transmission cir- 
cuits for the loads which those circuits are 


Figure 3. System tie—50-mile double-circuit 
line 


No intermediate switching station. Three- 
phase and _ single- 
phase switching. 6.4 


Type of switching 
indicated for each 


This gives a datum | 


required to carry. This necessitates a 
proper evaluation of many factors and is 
an interesting and practical engineering 
problem for consideration by those re- 
sponsible for system design and operation. 

With the use of generally available a-c 
network analyzers, calculations are quite 
readily made to determine the maximum 
permissible time for de-energization of the 
faulted circuit. Such a stability study is 
an important part of the engineering 


~ analysis of the feasibility and desired char- 


acteristics for reclosing equipments for the 
particular system under consideration. 
Fortunately, however, a certain amount of 
helpful information can also be obtained 
by analysis of typical system arrange- 
ments and conditions. This was done 
with the use of a network analyzer. The 
conditions for the cases studied are given 
in appendixes I and II. Following is a 
discussion of the results which have been 
obtained. 


Three-Phase Reclosing—Tie Lines 
and System Interconnections 


A series of cases was taken as repre- 
sentative of interconnections or ties be- 
tween system areas. The systems on 
either end of the interconnection were as- 
sumed to be of equal capacity having 
fairly low system impedances (five per 
cent on 2.5(kv)*) corresponding to about 
1,000,000 short-circuit kva when the 
transmission line voltage is 138 kv. The 
line length was varied from 0 to 300 miles 
in order to show the effect of change in 
line length. Both systems at either end 
of the line were assumed to be solidly 
grounded. The inertia constants were 
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taken to correspond to systems having a 
connected capacity equal to about four 
times the unity power-factor loading 
(equal to 2.5(kv)*) of a single circuit. 
These represent relatively small systems 
compared to those which may be found in 
practice as ties between major system 
groups. However, the results may be in- 
terpreted to correspond to either larger 
or smaller systems by a corresponding 
change in the clearing and de-energiza- 
tion times, as explained in appendix I. 
Figure 1 shows the maximum permissi- 
ble de-energization time for stability 
versus line length for line-to-ground, 
double-line-to-ground, and three-phase 
faults at the sending-end terminal for a 
power transfer at the sending end corre- 
sponding to ten per cent above the unity 
power-factor or surge-impedance loading 
of the line. At 138 kv this corresponds to 
1.1X2.5(138)?=53,000 kw. Fault clear- 
ing times were taken as six and nine cycles 
with simultaneous operation at each end 
of the line. Under these conditions suc- 
cessful operation can be expected for 
even three-phase faults for line lengths up 


Figure 5. System tie—200-mile double-cir- 


Figure 4. System 
tie—100-mile dou- 
ble-circuit line 


No intermediate 
switching station. 
Three-phase and 
single-phase switch- 
ing. Type of switch- 
ing indicated for 
each curve by (14) 
or (34). Refer to 
appendix | and 
Figure 13 
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to 150 miles and 210 miles for a de-energi- 
zation time of 12 cycles with nine cycles 
and six cycles clearing, respectively. Suc- 
cessful operation could be expected up to 
250 miles for line-to-ground faults with 
either six or nine cycles clearing. A de- 
crease in the clearing time from nine to six 
cycles for three-phase faults allows for an 
increase in the line length of 60 miles for 
the same de-energization time. It is of 
interest to note that the type of fault 
makes an appreciable difference in the 
allowable de-energization time. These re- 
sults indicate the importance of keeping 
the clearing time to a minimum, as this 
makes possible a further increase in the 
stability margin of the circuit or an in- 
crease in the permissible de-energization 
times. This has been pointed out pre- 
viously.? 

The curves of Figure 1 were drawn fora 
loading equal to ten per cent above the 
unity power-factor loading of the line. 
This is probably the loading to which lines 
exceeding 150 miles may be loaded. How- 
ever, for the shorter lengths of line higher 
loadings may be desired. Fortunately 
stability characteristics are such as to 
allow for an increase in loading for shorter 


Table I. Units of Power for Various Line 
Voltages 
Circuit Unit Power in 
Voltage—Ky Kw* = 2.5 (Kv)? 
US i ont a: py eeiA atte on AR be 208,000 
280) costahtes ONC Mathiesen cK WE EA 182,000 
UC he Fentn Sr ea eC. ee eee 65,000 
SS aren nen ooh ties anteok 47,500 
LU a ae OR eee eae cn ee ae 33,000 
he SOR RTA tiCo tA aes ieee eA 11,900 
Od Ol oie ieee site On door ee meee 3,000 


*Corresponds to about the surge impedance or unity 


power-factor loading of the line when ¥Li/Ci 
400 ohms, 


performance. Such changes can be esti- 
mated from Figure 1. For instance if the 
inertia constants are about double (2.25 
times), the six-cycle clearing curve repre- 
sents the performance with nine-cycle 
clearing on the new system if the ordi- 
nate scale, representing the maximum per- 
missible de-energized time is multiplied 
by 1.5. The permissible de-energized 
time for a 150-mile line following the clear- 
ing of a three-phase fault in nine cycles 
is increased from 12 to 22 cycles. Con- 
versely the same load may be transmitted 
300 miles, rather than 150 miles, with the 
same 12 cycles de-energized time. 

To illustrate the effect of change of load, 
the case of 100 miles was analyzed more in 
detail, results of which are shown on 
Figure 2. The power in this case is in 
terms of receiver-end power. The values 
of per-unit power equal to 1.04 correspond 
to the case of sending-end power of 1.1 
per unit. Table I gives values of per-unit 
power for various transmission line volt- 
ages to be used in the interpretation of 
the curves.® Figure 2 also shows results 
for single-phase clearing and reclosing. Of 
particular interest is the very substantial 
increase in power limit with decrease in 
the de-energization time with three-phase 
switching. For three-phase or double- 
line-to-ground faults, the curves are such 


Figure 6. System tie—200-mile double-circuit 
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MAXIMUM PERMISSIBLE DEENERGIZATION 
TIME FOR STABILITY — CYCLES 


QO 50 100 
LENGTH OF LINE— MILES 


150 200 250 300 350 


Figure 7. System tie—single-circuit line 


Single-phase clearing and reclosing. Sending 

end power=1.1X2.5(kv)2. Hi=H:=20 on 

kva base of 2.5(kv)?. Refer to Figure 13, 
Appendix | 


that, in the region of 12 cycles de-energi- 
zation time, a decrease of three cycles in 
the de-energization time is equivalent to 
about a three-cycle reduction in fault- 
clearing time. This indicates that a cycle 
reduction in fault-clearing time is equiva- 
lent to a cycle of reduction in de-energi- 
zation time. There is possibly a further 
improvement with the quick clearing in 
that the ionization in the arc path does 
not involve as great a volume of air, and, 
therefore, a further reduction in deioniza- 
tion time may be allowed. This is of con- 
siderable interest because studies of tran- 
sient stability limits of systems have indi- 
cated that there was not much to be 
gained by reduction in fault clearing times 
without reclosing below eight or possibly 
five cycles. Figure 2 indicates that with 
three-phase reclosing, three cycles reduc- 
tion in time, either clearing or de-energiza- 
tion is worth about 15 per cent increase in 
power limit. 

If the interconnected systems have 
greater inertias than those used in deter- 
mining the curves on Figure 2, a corre- 
spondingly greater amount of powercan be 
transferred for the same de-energization 
time. For example, if the inertia con- 
stants of the interconnected systems are 
2.25 times those used for Figure 2 (gen- 
erating capacity equal to about nine times 
2.5 (kv)? or 400,000 kva for a 138-kv 
transmission line) the transient stability 
limit is increased from a per-unit receiver 
power of 1.16 to 1.62 with nine-cycle clear- 
ing of three-phase faults and a 12-cycle 
de-energization time. This indicates that 
the inertias of the interconnected systems 
have a considerable effect upon the allow- 
able de-energization time and that, when 
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Hydroelectric system—single-cir- 
cuit line 


Figure 8. 


Single-phase switching of line-to-ground 

faults. Nine cycles clearing. Pg=rated 

generator output. Curves are for a loading 

ten per cent above generator rated output. 
Refer to Figure 14, appendix II 


applying reclosing mechanisms, this effect 
should be considered. It is evident that 
when the interconnected areas are of a 
large capacity compared with the tie-line 
capacity, three-phase reclosing may be 
entirely adequate, even for single-circuit 
ties for loads up to the maximum which 
the circuit will be required to carry. 
Figure 4 gives the results for 100 miles 
of double-circuit line with no intermediate 
switching station. It will be noted from 
the bottom curve on this figure that a load 
corresponding to two per unit (this cor- 
responds to unit power on each circuit) 
may be carried with no reclosing, follow- 
ing a three-phase terminal fault which is 
cleared in nine cycles. A power of 2.4 per 
unit may be carried with no reclosing if 
six-cycle clearing is used. As shown by 
Figure 4, the increase in power limit by 
the use of reclosing is much less than that 
for a single line, as shown in Figure 2. 
With 12 cycles de-energization time and 
nine cycles clearing for a three-phase fault, 
the power limit is increased about ten per 
cent over what it would be with no re- 
closing. It will be noted that the improve- 
ment in stability limit for six cycles clear- 
ing of the three-phase fault over nine 
cycles clearing is 40 per cent greater than 
the improvement obtained by the use of 
reclosing. These results indicate that for 
some types of system, depending upon 
the load it is desired to transfer, there is 
very little benefit to be obtained from the 
use of high-speed reclosing. However, if 


Crary, Kennedy, Woodrow—Reclosing Breakers 


MAXIMUM PERMISSIBLE DEENERGIZATION TIME 
FOR STABILITY — CYCLES 
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Figure 9. Hydroelectric system—single-cir- 
cuit line 


Single-phase switching of line-to-ground 
faults. Six cycles clearing. Pg=rated genera- 
tor output. Curves are for a loading ten 


per cent above generator rated output. Re- 
fer to Figure 14, appendix II 


the systems have relatively large inertias, 
the increase in power limit can be further 
improved. This indicates that an appre- 
ciably greater gain may be obtained with 
three-phase reclosing on parallel lines. 
when the inertia constants are large; 
whereas, if the inertia constants are small, 
it may be impossible to carry the rated’ 
load of the circuit. Additional curves are 
given in Figures 3 and 5 for 50 and 200: 
miles of double-circuit line, respectively, 
with no intermediate switching station. 
Figure 6 corresponds to a 200-mile double- 
circuit line bussed together at the center. 
It will be noted that by bussing, the 200- 
mile line performance is improved, and’ 
the gain due to reclosing is decreased, and’ 
may be such that it may not be necessary- 
to use any reclosing. For the 50-mile 
double-circuit line, Figure 3, the curves. 
are relatively flat indicating very little 
benefit to be derived from reclosing. 

For circuits which are on the same 
tower, more than one circuit may be in- 
volved in the fault, and in such a case suc-- 
cessful reclosure of even one of the two: 
circuits may prevent loss of synchronism. 
Therefore, a benefit greater than that 
shown in the attached curves for double-— 
circuit lines can be realized when the con— 
ductors are supported on the same tower. 
The performance under these conditions. 
would be somewhat similar to that of | 
single-line performance as shown on 
Figures 1 and 2. Single-line performance- 
or simultaneous faults on double-circuit 
line can be adequately taken care of by 
three-phase reclosing when the intercon- 
nected areas have sufficient capacity or- 
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inertia effect. This has been supported 
_by experience as given in reference 3. 


Single-Phase Reclosing—Tie Lines 
and System Interconnections 


Single-phase clearing and reclosing of 
transmission-line circuits has been con- 
sidered a possibility for a long time but 
has been put into operation only to a 
limited extent. With a line-to-ground 
fault only one-phase wire need be inter- 
rupted, the remaining tie over the two 
sound phases and ground being sufficiently 
strong to prevent loss of synchronism for 
a considerable range of load and system 
conditions obtained in practice. When 
_ two-phase wires are involved, however, 
the remaining tie is so reduced in strength 
__as to result in but little benefit over three- 
_ phase reclosing for the same de-energiza- 
_ tion times. There is, of course, no bene- 
_ fit if all three-phase wires are involved. 


Figure 7 shows the maximum permis- 
sible de-energization time in cycles for 
stability of a single-circuit tie using single- 
phase clearing and reclosing. These 
curves are for a loading corresponding to a 
sending-end power ten per cent above the 
unity power-factor loading of the line and 
with the connected systems having a ca- 
pacity about four times the transmitted 
power. As shown by these curves, this 
power can be transmitted up to 15Q miles 
with three-phase switching, nine-cycle 
clearing, and a 12-cycle de-energization 
time, for a three-phase fault. It is also of 
interest to note that the permissible de- 
energization time for line-to-ground faults 
is considerably higher than for three- 
phase or double-line-to-ground faults. 
This indicates that for line-to-ground 
faults single-phase reclosing is a very ef- 
fective way of preventing loss of stability. 
However, its greatest advantage occurs 
when the loading is such that three-phase 
reclosing is no longer adequate. This 
condition is more likely to exist when the 
interconnected systems are relatively 
small. 


Figure 2 shows the results for a single- 
circuit line 100 miles long. This compares 
the results using single-phase reclosing 
with three-phase reclosing. If the load- 
ing of the line is increased above unity 
power-factor loading, and the inertias 
correspond to those used in the figure, 
the line-to-ground faults may be switched 
off by the use of single-phase switching 
without loss of synchronism up to a load- 
ing which is 50 per cent greater than that 
of a line-to-ground fault with three-phase 
reclosing based on the same de-energiza- 
tion time of 12 cycles. However, if the 
deionization time for single-phase reclos- 
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ing must be 50 per cent longer, which may 
be necessary for a 100-mile line, the im- 
provement is from a per-unit power of 
1.5 to 2.05 or about 35 per cent increase 
in power limit. Similar comparisons can 
be made by examining the results shown 
on Figures 8, 4, 5, and 6. 


High-Speed Reclosing— 
Hydroelectric System 


Representative of a type of system 
where reclosing might be applied is a hy- 
droelectric station located at some dis- 
tance from a large system to which it de- 
livers power. This case of a typical 
hydroelectric station was studied for vari- 
ous lengths of line and line loadings. The 
transmission-line constants were assumed 
to be the same as for the study of inter- 
connections previously discussed. Typi- 
cal hydroelectric generator constants 
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Figure 10. Systems used for interpretation 
of results in terms of present-day standard 
breakers shown on Figures 11 and 12 


*De-energization times for this case taken to 
correspond to zero cycles 


were used (xq’/=0.30, H=3.0). The 
sending- and receiving-end transformer re- 
actances were assumed as ten per cent on 
the generator rating. The receiving-end 
system was assumed to have infinite in- 
ertia and an equivalent reactance corre- 
sponding to ten per cent of the hydroelec- 
tric generator rating. See appendix II. 
Calculations were then made to determine 
the transient-stability limits with single- 
line operation and high-speed reclosing. 
The hydroelectric generators were as- 
sumed to have a rated power factor of 0.9 
and to be operating at ten per cent above 
their kilowatt rating, a loading which 
about corresponds to their kilovolt-am- 
pere rating. The results are therefore on 
the basis of the total hydroelectric gen- 
erating capacity being operated at slightly 
above rated kilowatt load. The results 
indicate the maximum permissible de- 
energization times under these conditions. 
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For this type of system, which has a 
relatively low inertia constant and which 
has a transmitted load equal to the total 
generated capacity at the sending end of 
the line, three-phase reclosing is imprac- 
tical unless de-energization times of one to 
five cycles were possible. Furthermore, 
single-phase reclosing for anything but 
line-to-ground faults is impractical, be- 
cause of the small available time for de- 
ionization before stability is lost. How- 
ever, for line-to-ground faults single- ‘ 
phase reclosing may prove practical. 
Figures 8 and 9 show the results of calcu- 
lations for this case with nine- and six- 
cycle fault clearing, respectively. It will 
be noted from Figure 8 that a line loading 
of unity corresponding to 50,000 kw at 
138 kv may be transmitted 50 miles, with 
stability, when nine-cycle clearing and 27- 
cycle de-energization time are used. 
From Figure 9, if six-cycle clearing is used, 
a line loading of unity may be transmitted 
55 miles with stability. For heavier line 
loadings a corresponding reduction in 
miles to which the power can be success- 
fully transmitted through a line-to-ground 
fault is obtained. 

Calculations were also made to deter- 
mine the effectiveness of a high-resistance 
amortisseur winding for increasing the 
permissible de-energization time when 
single-phase switching is used. As is well 
known,!”!8 such a winding will increase 
the braking torque during a circuit un- 
balance and may be of advantage under 
such conditions in reducing the effective 
accelerating torque. For a 100-mile 
single-circuit line with a unit loading 
(Pg=1.0), the maximum permissible de- 
energization time was found to be in- 
creased about 35 per cent for line-to- 
ground faults. Such a winding may, 
therefore, be effective for a hydroelectric 
generator connected to its load area by 
single-circuit line, when it is desired to 
protect against line-to-ground faults by 
single-phase switching rather than by a 
ground-fault neutralizer. If it is neces- 
sary to protect against faults involving 
two or more phases, single-phase switch- 
ing is not effective, and there is but little 
benefit to be derived by the use of a high- 
resistance amortisseur winding. 


Summary From Preceding Studies 


(a). THREE-PHASE RECLOSING ON Sys- 
TEM TIES 


1. The benefits to be obtained from reclos- 
ing are greatest for single-circuit lines, or 
simultaneous faults on double-circuit lines. 


2. Three-phase reclosing is a very practical 
means for maintaining the transmission-line 
loading between interconnected areas when 
the interconnected areas have generating 
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KVA CAPACITY OF SENDING OR RECEIVING 


RECEIVER POWER IN PER CENT OF THE 
END SYSTEMS. 


NORMAL TRANSFER REACTANCE 
FAULTED CIRCUIT OPEN TRANSFER REACTANCE 


RATIO 


Figure 11. Stability limits for three-phase 

faults at sending-end line terminal, nine cycles 

clearing, as a function of reclosing time and 
ratio of transfer reactances 


Refer to Figure 10. The two points marked 
“x” on the figure show the power limit for 
unsuccessful reclosure against a three-phase 
fault on one circuit using 20-cycle reclosing 


breakers 


capacities of the order of at least four times 
the transmission-line loading. 


3. With three-phase reclosing of single- 
circuit lines a decrease in the clearing time 
for three-phase faults is as important as a 
decrease in de-energization time. There- 
fore, further reductions in the fault-clearing 
time directly improve the stability. 


4. With parallel circuits, the benefits to 
‘be realized from reclosing decrease with 
decrease in line length and with increase in 
the number of intermediate switching sta- 
tions. 


(b). SINGLE-PHASE RECLOSING ON Sys- 
TEM TIES 


1. Single-phase switching provides in- 
creases in transient power limits on single- 
circuit lines for line-to-ground faults which 
are not possible with three-phase switching; 
the difference however, may be small if the 
interconnected areas have high generating 
capacity relative to the power to be trans- 
mitted. 


2. The power limits of a single-circuit line 
are greater with a ground-fault neutralizer 
for extinction of line-to-ground faults than 
those which can be obtained with single- 
phase switching. 


8. If the inertia constants of the intercon- 
nected systems or the connected capacities 
are sufficiently great, the practical advan- 
tages of single-phase switching may be neg- 
ligible. 


4. For line-to-ground faults, if single-phase 
switching is used, the time for de-energiza- 
tion is not particularly critical as regards 
its effect on the stability limits, and, there- 
fore, it is not necessary to strive for low re- 
closing time as is the case with three-phase 
reclosing. 
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5. The advantage of single-phase switching 
appears to be important only when reclosing 
is used on single-circuit interconnecting 
lines and when the generating capacity of 
one of the interconnected areas is not much 
greater than the load which must be trans- 
mitted. 


6. Single-phase switching appears to offer 
no advantage over three-phase switching 
for faults involving more than one phase. 


(c). SINGLE-PHASE SWITCHING FOR A 
HYDROELECTRIC STATION DELIVERING 
POWER OVER A SINGLE-CIRCUIT TO A 
LARGE SYSTEM 


1. Single-phase reclosing makes possible 
the maintenance of stability through self- 
clearing line-to-ground faults for normal line 
loadings and for short distances. 


2. For longer lines and more heavily loaded 
circuits, other means such as the ground- 
fault neutralizer may be required in order 
that the system may ride through line-to- 
ground faults. 


3. This type of system is not stable with 
either single-phase or three-phase reclosing 
of faults which involve more than one phase. 


Ground-Fault Neutralizers 


Ground-fault neutralizers should be 
compared with the use of single-phase 
switching, since the advantages of using 
the latter means are chiefly limited to 
line-to-ground faults. The ground-fault 
neutralizer has an advantage over single- 
phase switching in that there is no reduc- 
tion in stability limits for line-to-ground 
faults. For the shorter lines this may be 
of no particular advantage over single- 
phase switching, as the circuit loadings 
may be well below the transient-stability 
limits with single-phase switching. How- 
ever, it may be necessary to retain as 
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Figure 12. Stability limits for line-to-ground 

faults at sending-end terminal, nine cycles 

clearing, as a function of reclosing time and 
ratio of transfer reactances 


Refer to Figure 10. The two points marked 
“x”? on the figure show the power limit for 
unsuccessful reclosure against a _ line-to- 
ground fault on one circuit using 20-cycle 
three-phase reclosing breakers 


much'stability margin as possible in order 
to carry rated circuit loadings on the 
longer lines. This, therefore, indicates 
that for long single-circuit lines, ground- 
fault neutralizers have a distinct advan- 
tage over single-phase switching, whereas 
for the shorter lines and on systems which 
are necessarily solidly grounded, single- 
phase switching may have important ad- 
vantages. When using ground-fault neu- 
tralizers on single-circuit lines, one should 
give attention to the switching and cir- 
cuit arrangements in order to avoid the 
possibility of high transient switch volt- 
ages. This problem, however, is now well 
understood,!! so that the conditions which 
give rise to such abnormal voltages can 
be avoided. 


Relaying 


In general, the use of reclosing on tie 
circuits requires that the terminal break- 
ers be opened simultaneously in order to 
obtain the benefit of maximum deioniza- 
tion time to clear the arc path. This es- 
sentially requires the use of pilot-wire re- 
lays of some form to give the simultaneous 
tripping at both terminals. For the lines 
generally considered in this analysis, the 
line lengths are such that the carrier- 
current form of pilot relaying would be 
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sed. Successful operation of high-speed 
reclosing with carrier relaying is already a 
matter of record.’ ; 
For single-phase operation, it is only 
necessary to add to the basic carrier pilot- 
‘Telay equipment phase-selecting relays to 
select the proper phase or pole to be 
opened in case of single-phase faults. 
Since single-phase operation is feasible 
only ona solidly grounded neutral system, 
these phase selecting relays can be simple 
impedance devices operating from line-to- 
neutral voltage and line residual current. 
In some cases of single-phase reclosing it 
may not be necessary to obtain simul- 
taneous tripping at both terminals, be- 
cause the permissible de-energization time 
is so great that sequential tripping could 
be tolerated. 


Interpretation in Terms of 
Present-Day Standard Breakers 


. 


| Although the previously presented re- 

sults cover a wide range of possible sys- 
tem conditions and breaker speeds, they 
may require some interpretation in terms 
of present-day standard-breaker clearing 


——— 


and reclosing times. It was found that 
this could be conveniently done by cross- 
plotting the results for the clearing and de- 
energization times corresponding to stand- 
_ ard breakers for the series of systems 
shown in Figure 10. All of these four sys- 
_ tem arrangements have essentially the 
same transfer reactance for normal condi- 
tions, neglecting resistance and capacitive 
susceptance. If it is assumed that the 
inertia constants of the two intercon- 
nected systems correspond to H=5 per 
unit on the kilovolt-ampere rating of the 
generator capacity of each system (four 
times the per-unit power of the preceding 
studies or 10(kv)?), the transfer reactance 
is 120 per cent on the kilovolt-ampere 
capacity of each interconnected system. 
The ratio of the normal transfer reactance 
to the transfer reactance with the faulted 
section switched out can be used as an 
indication of the shock to the system re- 
sulting from switching out the faulted 
section. In the right-hand column of 
Figure 10 are tabulated these ratios. 


(a). THREE-PHASE FAULTS 


Figure 11 shows the per cent power 
(based on the generating capacity of the 
individual interconnected systems) which 
can be transferred with stability through a 
three-phase fault at the sending-end line 
terminal, plotted against the ratio of 
transfer reactance for the different stand- 
ard-breaker times. Zero ratio of trans- 
fer reactance represents a single-circuit tie, 
whereas increasing ratios indicate an in- 
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creasing number of intermediate stations 
on parallel lines. 


. In Figures 11 and 12 it is assumed that 


(a) Relay delay is one cycle at each end 
of the circuit. 


(0) Breakers with eight cycles interrupting 
time rating are used. 


The circuit de-energized time is eight 
cycles less than the reclosing time rating, 
From Figure 11 several important effects 
are apparent: 


1. The greatest possible gain with reclos- 
ing may be realized for systems which ap- 
proach the single-circuit tie (system A, 
Figure 10). 


2. The smallest possible gain is realized for 
systems which approach a multiple-circuit 
tie sectionalized by a large number of inter- 
mediate switching stations (system D, 
Figure 10). Except for the possibility of 
simultaneous double-circuit outages, there 
is little reason for using reclosing breakers 
in a system of this type. If double-circuit 
faults can occur, the performance is almost 
the same as that of the shorter single-circuit 
line (system A, Figure 10). 


3. <A point of diminishing returns is soon 
reached for further sectionalizing beyond 
that represented by the double-circuit tie 
with one intermediate switching station 
(system C, Figure 10). 


4. The advantages of 20-cycle over the 
slower 35- or 60-cycle reclosing breakers 
are apparent. 


5. If single-phase reclosing is slower than 
three-phase reclosing, the allowable power 
transfer during three-phase faults is cor- 
respondingly less. 


.6. The successful power transfer is very 


appreciably increased even when one strong 
tie is paralleled by another of relatively low 
capacity. If two such circuits have equiva- 
lent lengths of 150 and 300 miles, the trans- 
fer reactance ratio is approximately 0.4 and 
the allowable power transfer is at least 25 
per cent greater than for a single 100-mile 
circuit. 


(b). LiInE-TO-GROUND FAULTS 


Figure 12 shows the performance of the 
same four systems analyzed in the same 
manner for line-to-ground faults, using 
both single-phase and three-phase reclos- 
ing breakers. Because a longer deioniza- 
tion time is required for single-phase re- 
closing than for three-phase reclosing, 35 
and 60 cycles were taken as the reclosing 
times for the former, and 20 and 35 cycles 
for the latter. The general form of the 
curves is about the same as for Figure 11. 
From Figure 12 several important effects 
are apparent: 


1. Appreciably greater power can be trans- 
mitted for the single-circuit system with 
three-phase reclosing, if 20-cycle rather than 
35-cycle reclosing is used. A further but 
much smaller gain is realized by the use of 
35-cycle single-phase reclosing. 
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2. With single-phase reclosing, the dif- 
ference between 60 and 85 cycles reclosing 
is quite small. The speed of reclosing for 
single-phase switching on  line-to-ground 
faults is less important than that for three- 
phase switching. 


(c). OTHER CONSIDERATIONS 


Figures 11 and 12, though limited to 
one value of normal transfer reactance 
(120 per cent) indicate the relative impor- 
tance of several of the essential factors 
during line-to-ground and three-phase 
faults. A similar interpretation for 
double-line-to-ground faults shows that, 
where high-speed reclosing is applicable, 
20-cycle three-phase reclosing gives appre- 
ciably better results than 35-cycle single- 
phase reclosing. Further interpretations 
show that, with increase in system inertia, 
the stability limits with high-speed re- 
closing are materially increased. This in- 
dicates that the use of high-speed reclos- 
ing will naturally tend to increase with the 
trend toward interconnection of large sys- 
tems by ties of relatively small capacity. 

High-speed reclosing involves the risk 
that occasionally the fault will not be 
self-clearing, and any attempt to reclose 
may do harm rather than good. This risk 
may be evalyated in two ways. First, the 
decrease in power limit due to an unsuc- 
cessful reclosure below that obtained with 
no reclosing. Second, the decrease in 
power limit due to an unsuccessful re- 
closure below that obtained with success- 
ful reclosing. 

Calculations for both systems B and D 
of Figure 10 indicate that quick single- 
phase switching and reclosing of line-to- 
ground faults can involve negligible risk of 
either the first or second kind. The ad- 
vantage of the possible small risk of the 
second kind may be largely only of theo- 
retical rather than of practical value be- 
cause to obtain it would require an un- 
usually long period of unbalanced opera- 
tion with one phase open. As shown by 
the points (marked x) on Figure 12, auto- 
matic three-phase unsuccessful reclosure 
against line-to-ground faults involves 
negligible risk of the first kind but appre- 
ciable risk of the second kind. For either 
single-phase or three-phase unsuccessful 
reclosure against the more severe faults, 
double-line-to-ground or three-phase (for 
three-phase faults points marked x on 
Figure 11), the risk of both the first and 
second kinds is appreciable. Calculations 
made for the case of delayed or manual 
reclosure showed no risk of the first kind. 
Calculations were also made for the 200- 
mile tie with an intermediate bussing sta- 
tion (system C) for the special case of a 
double-line-to-ground fault due to a single- 
line-to-ground fault on different phases 
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of each circuit. Both circuits were 
assumed to be cleared in nine cycles, 
closed after 12 cycles de-energization 
time, unsuccessful reclosure on one cir- 
cuit, and with subsequent nine cycles 
clearing on this faulted circuit. The 
critical loading for this case with three- 
phase reclosing was found to be about the 
same as for a self-clearing three-phase 
fault on one circuit of system-A type. 
With single-phase reclosing for this case, 
the critical loading is nearly double the 
value obtained with three-phase reclos- 
ing. 

From both Figures 11 and 12, it is ap- 
parent that the risks are least where the 
possible gain from reclosing is greatest. 


General Conclusions 


1. Under favorable conditions for its use, 
high-speed reclosing provides a simple 
means for substantially increasing the 
system reliability. 


2. The choice of the type and available 
time ratings for reclosing breakers requires 
an analysis to weigh properly their relative 
advantages. 


3. With three-phase reclosing, de-energi- 
zation time is important for all types of 
faults, and clearing time is important for 
double-line-to-ground and three-phase faults 
but not for single-line-to-ground faults. 


4. For single-phase switching, both clear- 
ing and de-energization time are relatively 
unimportant for single-line-to-ground faults 
but are important for faults involving more 
than one phase. 


5. Until more is known about the deioniza- 
tion time requirements with single-phase 
switching, it appears logical to limit single- 
phase reclosing to line-to-ground faults and 
to applications where moderate reclosing 
delay carries no particular stability penalty. 


6. High-speed reclosing will show the 
greatest advantage and will tend to be more 
generally used as the number of system 
interconnections and the size of systems 
increase, relative to the strength of their 
individual interconnecting ties. 


Appendix |. Study of System 
Interconnections 


A series of cases was set up for study of 
three-phase and single-phase reclosing, 
having constants which were considered 
representative for illustrating the factors 
involved in system interconnections. These 
eases were studied on an a-c network 
analyzer. The following representative line 
constants of a 60-cycle overhead transmis- 
sion line were used: 


=0.8 ohm per mile, positive sequence re- 
actance. 


Z\= Zo=Zo= 0.002 + 10.05 


w-20(@Y 
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SINGLE OR PARALLEL 
TRANSMISSION LINES 


Z, = Z2=Zo= 0.002 +) 0.05 


r1=0.16 ohm per mile, positive sequence 
resistance. 

Y,=5.2X10-® mhos per mile, positive se- 
quence susceptanice. 

xo=2.4 ohms per mile, zero sequence re- 
actance. 

7o=0.43 ohm per mile, zero sequence re- 
sistance. 

Yo=3.1210-* mhos per mile, zero se- 
quence susceptance. 


For study of double-circuit lines the zero- 
sequence mutual capacitance and reactance 
effects were neglected because 


(a). These assumptions would apply for lines not 
on the same right of way. 


(b). These are secondary effects only and would not 
modify appreciably the results or conclusions of 
this study even for lines on the same tower. 


The base kilovolt-amperes and kilowatts 
were taken as 2.5 (kv)? corresponding to the 
surge-impedance or unity power-factor 
loading of a line having the constants se- 
lected for study. The sending-end and 
receiving-end systems were assumed to have 
equalimpedances. The positive-, negative-, 
and zero-sequence impedances of sending- 
and receiving-end systems were assumed to 
be the same and equal to 0.002+ 70.05 per 
unit on a base kilovolt-ampere equal to 
2.5 (kv)?. See Figure 13. The system was 
set up three-phase on the network analyzer 
so that the simultaneous dissymmetries 
produced by opening single-phase switches 
at either end of the line, with or without a 
fault on one or more phases, could be more 
easily represented. Also in this way the 
capacitive ground current and the funda- 
mental frequency voltage on the cleared 
conductor would be determined directly for 
any condition. 

The voltages back of system impedances 
were held fixed for all loadings corresponding 
to values which would give normal or unit 
voltage at each line terminal for a power 
transfer per circuit at the sending end of 1.10 
per unit. For higher initial loadings the 
results give somewhat lower limits than may 
beactually obtained; whereas for lower initial 
loadings, the limits are somewhat higher. 
However, these differences are small because 
of the comparatively small terminal or 
system impedances. 

The faults were all taken at the sending- 
end terminal and assumed to be cleared in 
six or nine cycles. The maximum permis- 
sible time for de-energization of the faulted 
conductor or conductors was determined by 
calculation.6 The line length was varied 
from 0 to 300 miles. Both single- and 
double-circuit lines with and without inter- 
mediate bussing were studied. Some of the 
results obtained are shown on Figures 1-7. 
These results are given for equal sending- 
and receiving-end system inertias of H=20 
per unit based on 2.5 (kv)?. A typical sys- 
tem may have an inertia constant (H) of 
5.0 per unit on its connected kilovolt- 
amperes of generator capacity. Accord- 
ingly, with an H=20 on 2.5 (kv)? and a 
transmission-line loading of unity, corre- 
sponding to unity power-factor transmission, 


235/215 


Figure 13. Typical 
system interconnec- 
tion 
Refer to appendix | 
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the connected generator capacity of the 

sending- or receiving-end systems corre- 
sponds to about four times the power being 
transferred. 

Since results have been obtained for both 
six-cycle and nine-cycle nee the curves 
for six-cycle clearing and H,=H,=20 can 
be readily interpreted for nine- a clearing 
with H,=H2,=45 by increasing de-energi- 
zation times given on the curves by a factor 
of 1.5. 

Similarly the nine-cycle clearing results 
for H,;=H,=20 may be interpreted as ap- 
plicable for six-cycle clearing with Mi = =H,= 
20/2.25=8.86 if the de-energization times 
are decreased by dividing by 1.6. 

The concept of equivalent or effective 
system inertia constant may be applied 
approximately (could be correctly applied 
if resistance were negligible) so that the 
above results may be interpreted to apply 
to systems having effective inertia constants 
corresponding to Ho=HH2/(Hi+H2).7% 

The pull-out power shown in the curves 
corresponds to the receiving pull-out power.’ 
This may also be used as the power limit 
for a line-to-ground fault for ground-fault 
neutralizer operation as compared with the 
other methods of fault clearing. 


Appendix Il. Conditions for 
Study of Hydroelectric Systems 


A series of cases was studied correspond- 
ing to a hydroelectric station delivering 
power over a single-circuit line to a large 
system. The line constants were taken to be 
the same as for the interconnection study 
outlined in appendix I. The remaining 
system constants are, see Figure 14, 


xq’ =0.30 on generator kva 
x71 =X 72=0.10 on generator kva 
x;=0.10 on generator kva 
P,=kw rating of generator in per unit of 
2.5(kv)? 
Rated generator power factor =0.9 
Generator kva=P,/0.9 


Normal voltage was assumed at the 
sending- and receiving-end high-voltage 
terminals under initial conditions. The 
faults were taken at the sending end. 

The maximum permissible de-enetgiza- 
tion times were determined for a power 
transfer of 1.1 P,; corresponding to a ten 
per cent stability margin or a power prac- 
tically equal to the kilovolt-ampere rating 
of the generator. The results of the calcu- 
lations made for these cases are shown on 
Figures 8 and 9 for nine- and six-cycle 
clearing. The maximum permissible deener- 
gization times for faults involving more than 
one phase with either single-phase or three- 
phase switching were all less than five cycles. 

The results for the six-cycle clearing can 
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Figure 14. Typical hydroelectric system 


interconnection 


Refer to appendix || 
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(c) 


Circuits used in derivation of 
equations of appendix III 


Figure 15. 


be interpreted for nine-cycle clearing when 
the inertia constant is increased from 3.0 to 
(1.5)?X3.0=6.75 by increasing the de- 
energization times by a factor of 1.5. 


Appendix Ill. Self-Clearing Char- 
‘ acteristics of Arcs to Ground 


With Single-Phase Switching 


H. A. PETERSON* 
MEMBER AIEE 


In the case of single-phase switching, the 
capacity coupling from the sound phase or 
phases to the stricken phase or phases tends 
to maintain an arc to ground once it is es- 
tablished. This is illustrated in Figure 15 
of this appendix. Figure 15a shows the 
capacitance circuit involved. If it is as- 
sumed that phase a has been de-energized, 
the effective voltages in the circuit are 
V, and V, of Figure 15b. These can be 
resolved into components approximately as 
shown. The components V,;—V,’ and 
V.— Va’ will have no effect on the voltage 
or current of conductor ‘‘a’”’, since they are 
equal and opposite. The resultant effective 
component is Vg’=0.5V,=0.5V;. This is 
effective in the single-phase equivalent cir- 
cuit shown in Figure 15c where conductor 
‘‘q@” retains its identity while conductors 
“hb” and “c”’ are shown as a common point. 


With switch S closed, a current flows 
pee emieamen ee 
*H. A. Peterson is with central station engineer- 
ing department, General Electric Company, Sche- 
nectady, New York. 
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(a) Source reactance: 
Line: 
rm=0.15 ohm per mile 
ro=0.36 ohm per mile 
x1=0.80 ohm per mile 
Xo=3.2 ohms per mile 
Cr=1.6Co 
Co=0.01 uf per mile 


Xo=X1 = xX2=25 ohms 


Figure 16. ~ Transient analyzer circuit and 
oscillograms of line-to-ground fault clearing 
phenomena 


Refer to appendix III 


through it to ground corresponding to the 
are current which must be extinguished be- 
fore conductor “‘a’’ can be normally ener- 
gized for carrying power. The current 


flowing through S is 


0.5V, 
L=— ° 5 
w(G—G) | 2o(G—G) 
_ 95V,  _ o(A-O) Vn 
3 a 3 
2w(C,— Co) 


In terms of normal charging current for the 
section of line being switched out dividing 
by wC, this becomes 

I, w(G—C)Vy (A—C)Vo 

ee BAL On 38C; 


where J, is normal positive phase sequence 
line charging current. In a typical over- 


head line, Co=0.6C, is representative. 
Therefore, 
I, (CQ,—0.6C,)V, 0.4V, 
see ae 188 V5 
Ine 38C, t 


or the current to be extinguished is 13.3 
per cent of the normal line-charging current 
of the line section being switched with 
normal line-to-ground voltage on the other 
phases. Thus the are current is propor- 
tional to line length switched out and 
system voltage. 

The recovery voltage V, appearing across 
the switch S following the extinction of the 
are current is 


3 0.5/aCoVy 
(nae 1 
Sa(C,— Cs) wCo 
0.5/CoVy (C,— Co) Vy 


~ BO+RCG—Co) C20, 
2Co(Ci — Co) 


Again, assuming C,=0.6C, 


0.4V, 


_(G4—0.6G) Vp 
26 


_ =0.154V, 
0.60,+2G, 
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(6) 90-11—Recovery voltage for single- 

phase switching of line-to-ground fault with 

no restriking. Interruption at normal current 
zero 


90-12—Recovery voltage for single-phase 
switching of line-to-ground fault with re- 
striking. (Two restrikes) 


90-8—Recovery voltage for line-to-ground 
fault with ground-fault neutralizer 


(cA 93 


or the voltage on ‘‘a’’ due to capacitance 
coupling following the extinction of the arc 
is 15.4 per cent of normal line-to-neutral 
voltage. 

Similarly, from Figure 15a, it can be shown 
that with two phases ‘‘b’”’ and ‘‘c’’ switched 
out, each having an are to ground, the cur- 
rent magnitude in each arc is the same as 
for the single-phase case just considered. 
Furthermore, the voltage on the conductor 
first to clear is also the same in magnitude 
as the voltage for the single-phase case. 
However, the arc current for the last phase 
to clear of the two stricken phases will be 
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increased when the first arc goes out. If 
conductor ‘‘b”’ clears first 


De C,—Co 


1 Oey 
which, if C,;=0.6C,, becomes 
Ie (Ci—0.6C)Vq_0.4Va 


[ies OC e0.6Cn 26 


=0.154Vq 


or the arc current has increased from 13.3 
per cent to 15.4 pér cent of normal line- 
charging current in the section being 
switched out. The voltage on this phase 
when it has cleared will become 


Ci — Co) V, 
y= OVe_y, 
Ci+2C 

as the voltage magnitudes are equal on both 
conductors after both are cleared. If C)= 
0.6C, 

1-0.6)V, O0.4V, 
V.= pene Ole BOA Te piggy. 

1+1.2 2.2 


or the voltage on the conductors when both 
are cleared is 18.2 per cent of normal line- 
to-neutral voltage as compared to 15.4 per 
cent for either the single-phase case or the 
first conductor to clear for the two-phase 
case. Thus, it might be repeated that 
deionization times will be longer for double- 
line-to-ground than for single-line-to-ground 
faults. 

In the extinction of these arcs, the tran- 
sient recovery characteristic is also of im- 
portance. In order to study this phase of 
the problem, the transient analyzer was 
used. The system shown in Figure 16 was 
set up in miniature with the line open at the 
receiving end and only phase ‘“‘a’’ open at 
both ends. By means of synchronous 
switching devices,” the arc current through 
switch S was interrupted at current zero. 
Oscillogram 90-11 shows the nature of this 
recovery voltage. It is important to note 
that the a-c component is completely offset, 
so that the instantaneous voltage to be 
cleared in each case is actually twice the 
sustained fundamental frequency compo- 
nent, or approximately from 30 to 35 per cent 
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of normal line-to-neutral crest voltage. 
Furthermore, this voltage is reached one- 
half cycle after the assumed instant of clear- 
ing. 

It is of interest to observe the effect of arc 
restriking. This is shown in oscillogram 
90-12. Two restrikes, at approximately 
maximum voltage, were imposed for this 
case which gave rise to a voltage on the de- 
energized conductor ‘‘a’’ of approximately 
65 per cent of normal line-to-neutral crest. 
These restrikes were controlled so as to give 
the maximum possible voltage per restrike. 
In the actual case, two restrikes would be 
extremely unlikely to give voltages this 
high. However, it is very likely that a good 
many more half cycles of are current will 
flow before final interruption takes place, 
thus making possible a far greater number of 
restrikes. 

A comparison of this voltage recovery 
characteristic and that of a ground-fault 
neutralizer system following the self-extinc- 
tion of an are to ground is enlightening. 
For the same system shown in Figure 16, but 
grounded through a neutralizer, the recovery 
characteristic is as shown in oscillogram 
90-8. This illustrates the relatively slow 
“drift’’ of recovery back to normal restored 
voltage, taking three or four cycles to get 
up to 50 per cent of normal line-to-neutral 
voltage. Furthermore, are restriking can- 
not increase this rate of voltage recovery, 
because each restrike simply causes the 
entire process to be started over again. 

The preceding discussion has dealt with 
the dissimilarities of these two recovery 
characteristics. If only the first cycle fol- 
lowing are extinction without restriking is 
considered, there are also important simi- 
larities. In this interval, the recovered volt- 
age versus time is of the same order of mag- 
nitude for both cases. Since this is likely to 
be the most significant interval of time dur- 
ing the extinction period, it is likely that arc 
extinction times may be expected to be some- 
what similar for both cases. This time varies 
over wide limits, depending upon several 
factors, such as tower-footing resistance, 
atmospheric conditions, system voltage, 
system losses, and so on. Even with all of 
these factors fixed, there is an inherent 
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randomness in are behavior which makes 
are clearing time subject to wide variation. 
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In 1921, NORMA-HOFFMANN introduced the Cup 
Mounting—the forerunner of all.self-protected ball 
bearings. From this, through progressive stages (as 
shown above) has evolved the NORMA-HOFFMANN 
“CARTRIDGE” BALL BEARING—an ultra-modern 
type embodying 30 years of PRECISION BEARING 
manufacture and offering to industry the following 
distinctive advantages: 


SIMPLER AND MORE ECONOMICAL MACHINE 
DESIGN, due to elimination of many costly mounting 
parts and machining operations, otherwise required; 
EASIER AND FASTER MACHINE ASSEMBLY AND 
DISASSEMBLY, since the “CARTRIDGE” BEARING is 
an integrally sealed unit needing no complementary 
mounting parts; 100% GREATER GREASE CAPACITY, 
due to double-row width creating a greatly enlarged 
grease reservoir; COMPLETE AND LASTING EXCLU- 
SION OF DIRT AND FOREIGN MATTER by the use of 
tightly fitting, wearless, all-metal seals; SEALED FOR 
ANY POSITION, since the seals retain the lubricant 
regardless of shaft angle; EASY REGREASING AND 
INSPECTION WITHOUT DISMOUNTING, by means of 
refilling plug and removable seals. 


Write for the Catalog. Submit your bearing problems for study 
and recommendation, without obligation. NORMA-HOFF- 
MANN sales and service engineers, and distributors in principal 
Cities stocking ““CARTRIDGE”’ BEARINGS, are at your service. 


AURMA-AVFFMANN 
CARTRIDGE 


BALL BEARING 


PRECISION BALL. ROLLER and THRUST BEARINGS 


NORMA-HOFFMANN BEARINGS CORP'N., STAMFORD, CONN., U.S.A. ° FOUNDED 1911 
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PRODUCTION PLANTS 
Use S & C High Voltage 


POWER FUSES 


ITHIN the past year S & C Type “SM” Fuses were 

selected for dozens of large ordnance works 
and other war production plants. They provide power 
system protection at low initial and maintenance costs,— 
and deliveries can be made promptly. 


Fuse ratings are from 1 to 400 amperes with short- 
circuit interrupting ratings up to 1,000,000 KVA. 
Installation is less costly, too, than for larger types of 
circuit-interrupting equipment. 


S & C Type “SM” Fuses are made for Indoor or 
Outdoor service for use on 2300/4000, 6600, 13,200, 
22,000, 33,000 volt circuits. Servicing is easily accom- 
plished on the job by replacement of the Refill Fuse Unit. 


SHORT CIRCUIT-INTERRUPTING RATINGS IN R.M.S. AMPERES 


Fuse Voltage Rating->| 7,500 __| 7,500 Be es 
Circuit Voltage >| 2,300/4,000 | 6,600|13,200|22,000|33,000 


Type **SMPC-4 17,500 15,000} 12,500}10,000} 7,500 


and SMP-4 27,500 25,000|20,000| 15,000) 10,000 
Size of **SMPC 5 30,000 25,000|20,000 17,500} 15,000 
Holder SMP-5 40,000 35,000/30.000|25,000|20,000 


**Equipped with Condenser 


Refer to your Bulletin 200-E or write for a copy 


SCHWEITZER & CONRAD, Inc. 


4435 Ravenswood Avenue’ Chicago, Illinois 


TYPE “SM” 


ho 
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THE OKONITE COMPANY 


A New... Interesting and 


Informative Motion Picture 


This new Okonite motion picture 
shows all the interesting operations involved in laying 
a single 22,000 ft. length of Submarine Cable across 
Puget Sound. 

It is the longest length of Submarine Power Cable 
ever installed without joints and is designed for opera- 
tion at 3 phase, 23,000 volt grounded neutral. Made in 
natural colors with narration by Ray Forrest, the film 
(available in 16 mm.size only) takes fifteen minutes 
showing time. 

Okonite pictures are furnished free and express 
charges paid both ways at the request of any respon- 
sible organization or person. When writing, please give, 


if possible, three choices of dates. * 


THE OKONITE COMPANY 


Passaic, N. J. 


Offices in principal cities 


*At present this offer applies only within the continental United States 


San 
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ALSO... 


“Rubber Insulated 
Cables”... shows 
complete manufac- 
turing process from 
raw materials to fin- 
ished insulated wires 
andcables.Narration 
by Lowell Thomas; 
showing time 25 
min.; in 16 and 25 
mm. Black and 
white. 


ALSO... 


“The Oilostatic Sys- 
tem”... a silent mo- 
tion picture showing 
the installation of the 
132,000 volt Oilosta- 
tic Electric Trans- 
mission System by 
the Pennsylvania 
Railroad at Balti- 
more. Showing time 
25 min.; 16 mm. only 


Black and white. 


The “whole works” being shipped as one factory- 
wired, ready-to-install panel. In this case, the 
Micromax Recorders will show net interchange of 
3 ties, and system frequency; instruments below the 
Recorders will regulate either tie line interchange 
or system frequency, and will divide any changes 
in generation among three regulating units. 


Regulation can be fully automatic, 
fully manual, or can occupy any posi- 
tion between these two extremes. In- 
ter-connections, multi-station systems, 
isolated stations of all sizes and motor- 
generators are included in the total of 
over nine million kva now under L&N 
control. 


if Your Load Has A Wartime Swing, If you’re facing a wartime load-con- 


trol problem, you’ll find it well worth- 


FHere’s How L&N Can Help You bir draw on our experience in 


In generating stations, substations 
and dispatching offices are a whole 
group of problems which we can help 
you handle. If many of your men are 
in uniform, or your power load has 
a wartime swing, we suggest the fol- 
lowing: 

Automatic Record of Load. Dis- 
patchers and operators alike can be 
freed from an immense amount of 
routine telephoning for load informa- 
tion, by using L&N_load-recording 
equipment. 


Loads on four tie-lines are shown by these four Micromax Load Recorders in a Mid-western dispatcher’s office. 


A transmitting instrument simply 
sends load readings to a Micromax 
Load Recorder, using a telephone pair 
or a carrier current channel. The Re- 
corder shows, in effect, just what the 
report of a continuous telephone con- 
versation would show. 


Control of Load Distribution. Any 
system-regulating orders which can be 
carried out by human operators can 
also be carried out by L&N Load-Con- 
trol equipment, under the direction of 
dispatchers or operators. 


vasa 


MRP MOBS LEB RG 


Dispatcher consults Micromax Load Recorder 0 of i i i ! 
: consults 1] ax Loz rder at top of panel. The instrument immediately 7 
single chart, frequency and system time-error, eM. aaa ce 


Jrl Ad N-50-161(3) 


LEEDS & NORTHRUP COMPANY, 4962 STENTON AVE., PHILA., PA. 


LEEDS & NORTHRUP 


MEASURING INSTRUMENTS + TELEMETERS - AUTOMATIC CONTROLS - HEAT-TREATING FURNACES 


Convert Transmission 
Lines to Higher Voltages 


DOES increased load demand call for a 66 Kv 
line where 22 or 33 Ky is now trying to serve? 
From the sketches shown you can get a hint 
as to how to do the conversion job quickest, 
cheapest—and get a line that will give top 
performance. For ten years the Lapp Line 
Post has been winning friends and influencing 
specifications because of its remarkable effi- 
ciency for voltage-conversion jobs. The con- 
version need not even interrupt service, since 
power must be shut off only long enough to 
put up the new insulators—or the job can be 


done on a hot line with no interruptions. 


Ie ice ics bcs For new construction at high- 
voltages, too, you'll find wood pole and cross- 
arm construction quickest, cheapest and most 
economical of critical materials. (The Line 
Post’s extra height even permits use of poles of 
the next shorter length than those required for 


suspension insulators.) 


The ten-year service his- 
tory of the Line Post 
proves Lapp’s claims for 
its freedom from punc- 
ture, its resistance to 
arcover, its permanent 
radio-free characteris- 
tics, its mechanical and 
electrical ruggedness. 


1 SIGrIe LAPP INSULATOR COMPANY, INCORPORATED ° LE ROY, N. Y. 


— ee 


LEADING manufacturer of 

ignition coils for automobile 
engines decided to increase the life 
and efficiency of his product by fill- 
ing it with light transformer oil in- 
stead of the customary pitch filler. 
The assembly at the terminal end 
of the coil called for two gaskets to 
serve as oil seals between the por- 
celain and metal parts. To maintain 
permanently tight joints, the gas- 
kets had to be (1) compressible 
without side flow or extrusion— 
since neither gasket would be 
totally confined in assem- 
bly; (2) resilient to avoid 
cracking the porcelain; (3) 
impervious to the oil and 
nondeteriorating in its pres- 
ence; (4) stable under vary- 
ing temperatures due to 
weather and to heat from 
the automobile engine. 


SOLUTION 


The manufacturer called 
in an Armstrong sealing 
specialist—who recom- 
mended one of Armstrong’s 


positions for the job. Due to the 
cork content, gaskets of this ma- 
terial compress without extruding. 
The synthetic content, as well as 
the cork, is oil-resistant and is un- 
affected by the temperatures in- 
volved. The manufacturer has since 
used hundreds of thousands of 
these Armstrong Gaskets to seal 
oil-filled ignition coils and reports 
trouble-free performance. 


ARMSTRONG’S SEALING SERVICE 


In addition to more than two 


ARMSTRONG’S 
GASKETS .- 


PACKINGS 


® 


Cork Compositions 


*Cork-and-Synthetics e 
Cork-and-Rubber e 


* FORMERLY ‘‘CORPRENE” 


SEALS 


*Synthetics 
Fibrated Leather 


dozen synthetic, cork-and-syn- 
thetic, and cork-and-rubber com- 
positions, the Armstrong Line of 
sealing materials includes many 
different plain, laminated, and 
specially surface-treated cork com- 
positions .. . and No. 841 Fibrated 
Leather (a new general-purpose 
gasket material offering the advan- 
tages of natural leather in large, 
uniform, low-cost rolls and sheets). 

Armstrong compositions having 
virtually any desired physical prop- 
erties are available in sheets, cut 
gaskets, molded or extruded 
forms—for sealing trans- 
formers, switches, potheads, 
oil-filled cables, circuit 
breakers, condensers, and 
other electrical equipment. 
So, no matter what your 
sealing needs may be, why 
not call in an Armstrong 
representative to study 
them and submit recom- 
mendations? No obligation, 
of course. Write to Arm- 
strong Cork Company, 


Industrial Division, 943 
cork-and-synthetic com- Arch Street; Lancaster, Pa. 
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XTE-30 Tubing used in wiring 
systems on prominent planes. 


On planes, pencil pointing machines and other 
equipment requiring protection of electric circuits, IRV-O-LITE 
XTE-30 Extruded Plastic Tubing provides lasting insulation. Many 
manufacturers of terminals, lugs, motors, electric appliances, elec- 
tronic devices and instruments also use IRV-O-LITE XTE-30 to guard 
against short circuits and grounds caused by insulation failure. 

The choice of IRV-O-LITE XTE-30 Extruded Plastic Tubing by so 
many companies in widely varied fields is accounted for by the advan- 
tages this Fibronized Tubing provides. 


2150 Ibs. 
Dry—750 VPM; Wet—350 VPM. per sq. in. IRV-O-LITE resists 


ra, wear, tear and abrasion. 
So elastic it can be 


flexed on itself with wire inside 
without cracking. 


Inside and out 
for easy assembly. 


Withstands Cut 


soldering temperature. Will not 
support combustion. 


down waste. 


Colors: black, green, white, yel- 


is not : tate : 
low, red, blue, simplify identifi- 
affected by denatured alcohol, cation of wires after installation. 
petroleum, gasoline, concen- 
trated acids and alkalies, and From 
most coal tar solvents. No. 24 to 114” I.D. 


This thin-walled tubing with its high dielectric strength saves space 


in intricate and crowded installations. 
Test the qualities of yourself. Write Dept. 36 
for samples, complete product information and prices, 


provides insulation on the Triple 
“E” Products Company, St. Louis Electro-Pointer Pencil 
Sharpener. 


Added insulating protection is given to solderless 
wiring devices with 


is used as insulation on parts for 
famous planes. 
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Wanted: Future Faradays and Curies 


Au OVER AMERICA there are high school seniors... 
boys and girls... who have potential scientific ability 
and budding creative genius of a high order. These 
talents are latent ... awaiting the opportunity for fur- 
ther development through higher education. 


To provide this opportunity, Science Clubs of America, 
sponsored by Science Service, is now conducting an 
Annual Science Talent Search . . . made financially 
possible by Westinghouse. This Talent Search has three 
major objectives: 


1. To discover and foster the education of boys and 
girls who possess exceptional scientific skill and 
ability. 


2. To focus the attention of large numbers of gifted 
youth on the need for perfecting their creative and 
research skill... as future contributions to winning 
the war and the peace to follow. 


3. To help make the American public aware of the role 
of science in war and in the post-war reconstruction. 


VNC, 


a 3 
“AW: 
K im 


High school seniors, who enter the Science Talent 
Search competition, must take special examinations 
in their local schools to determine their aptitude for 
science, and must submit essays and school records. 


Each year, forty winning contestants are to be given 
all-expense trips to Washington, D. C., during July 
where they will meet some of the country’s foremost 
scientists, visit scientific institutions, and take part in 
scientific programs. While at the Nation’s Capital, 
these embryo scientists will be given additional written 
and oral tests. 


Judges will then select the two most talented young- 
sters . . . a boy and a girl . . . who will be awarded 
Westinghouse Grand Science Scholarships of $2400 each. 


Additional Westinghouse Science Scholarships . . . each 
valued at $200 . . . will be given to eighteen contestants. 


By aiding the education of these gifted boys and girls 
today, we hope to help develop the scientists of to- 


morrow who will lead the way in the advancement of 
research and engineering. 


We stinghouse 


WESTINGHOUSE ELECTRIC AND MANUFACTURING COMPANY, PITTSBURGH, PENNSYLVANIA 
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CORNERSTONE 


Some year the war will end. 


There will be a swing back to the 
things we buy because we want them, 
not because they are a grim necessity. 
Today’s work is to win the war. 
Executives now driving for all-out 
production should also be planning 
for V -+ 2. Products for tomorrow 
should. be designed today. 


For every new product, the corner- 
stone is Research. The Research 


FOR V * 2* 


Division of American Lava Corpora- 
tion is outstanding in its field. It 
welcomes any call for cooperation in 
planning for today’s production... 
or for long range planning for the 
insulation of the future. 


Meanwhile, for 1942 and as far as 
we can see, we pledge our utmost 
efforts to supply our customers with 
the best in steatite ceramic composi- 
tions as rapidly as possible under 
wartime conditions. 


* 2 years after Victory, probable time required to resume full peacetime 


production. 


(Bouquets to the G. E. executive who coined this expression. ) 


AMERICAN LAVA CORPORATION 


CHATTANOOGA, TENNESSEE 


CHICAGO © CLEV<LAND e NEW YORK e ST.LOUIS © LOS ANGELES ¢ SAN FRANCISCO © BOSTON © PHILADELPHIA © WASHINGTON, D.C. 
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foo PROVIDE PLANT POWER QUICKLY 


Here's How Equipment Was Ordored for This Indus- 
trial Wer Plant Now under Construction 


Pillar 
ag @ 


i 400 feet by 750 feet 
‘| load density—15 v-o per square foot 
4500 kva at 480 volts 


Take these 3 simple steps and you can order 
switchgear equipments and unit substations at an 


early stage of construction—save weeks of time. 


( 
t —: 
————————— 


@ 
The load area wat divided inte six load zones of 73 


kwa each 
ee ‘ / 
if. Calculate the total kva you need Load densities com- q srs } 
monly range from 5 to 25 volt-amperes per square foot of floor | fof \ | Pes A sa ie 
area. Assembly areas usually fall in the lower range, intensive | ie | i ip 
manufacturing areas in the upper range. Your consulting engi- | iW, \I, Yj, lM pcan 
neers can help you to predict your load density accurately. | Wa i 
Lge tt ae Oe ss 
Vk Divide the load area into separate load zones of 500, | / f ‘iN BA gal 
750, or 1000 kva : / / Aa ah 
3 Bam eRe Ss Ops | 
e Divide the load of each zone into feeder loads—and \ |_. __— | 
draw a one-line diagram of your proposed load-center system, a —— eR 
showing the functions to be performed and the ratings required ; ivided into 300-amp 
g q The lead of each zone was d breakers for main 
re 
Now, with this one-line diagram, you can immediately feeders, each zone having 1200-amp 
order your switchgear and unit substations. 


1 
and bus-tie service. Equipments were ordered promptly 
by means of c one- line diagram. 


A SIMPLE ONE-LINE 
DIAGRAM PUTS US TO 
WORK ON STANDARD 
EQUIPMENTS 


amnnsaosii 


Peel! 


300 amp f CaRmars 
480 volts 


400—mp breakers 
A 


MR NASAL COMI ERICA SAO RAASSN 8 


750 kva 


if 


Load-center Unit Substations— | j 
including transformer and high- A ¥ 
and low-voltage protective and 
disconnecting devices, all co- 
ordinated as a single, safe, com- 
pact, easy-to-install unit. 


Metal-clad Switchgear Equip- 
ments —for protecting primary 
circuits up to 15 kv. A safe, co- 
ordinated assembly of breakers, 
instrument transformers, buses, 
and associated equipment. 


General Electric ond its employees 
cre proud of the Novy award of 
Excellence mode to its Erie Works for 


the manufacture of novol ordnance 


HAVE LOAD-CENTER POWER BEFORE THE FIRST MACHINE IS 


READY TO ROLL 

With load-center distribution, power at high voltage goes right 
to load-center unit substations, and then directly to your 
machines through short low-voltage secondary feeders. You 
save copper, steel and dollars. 

You can order standard G-E load-center equipments early— 
with a one-line diagram. Get everything you need—weeks sooner. 

You get them ready to set in place and connect —in compact 
‘“‘packages”’ that can be put in otherwise ‘‘dead”’ area. For full 
information, contact your nearest G-E Office, or write General 
Electric, Schenectady, N. Y. 


ELECTRIC 


854-317-7300 
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KEEP EM FIT TO KEEP EM FIGHTING — 


A.C. S. R. lines all over the country carry power to fighters on the home front. 


Proper maintenance helps assure an uninter- 
rupted flow of power to war industries. Hi-line 
or rural line, it must be kept in service to help 
fighters on the home front get supplies to our boys 
at the battle front. Your lines certainly earn the 
attention that’s needed to keep them on the job. 

The Government has recognized this need and 
permits the purchase of maintenance materials 


for power lines under ruling P-46. 
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You’re not seeing much of the Alcoa men 
today who used to spread the gospel of Aluminum 
Cable Steel Reinforced; they’re assisting in the 
production of vital Aluminum Alloy war materi- 
als. But this doesn’t mean we’ve forgotten you. 
If you’re needing advice, Alcoa engineers are 
ready to serve you. 


Write ALUMIN 


1 COMPANY OF AMERICA, 


2149 Gulf Building, Pittsburgh, Pennsylvania. 


JUNE 


1942 


SAVE TIME, MATERIALS AND SPACE 


WITH 


MATTHEWS DISCONNECTING SWITCHES. 


FIT THIRTY 400-amp. porcelain-housed Matthews Disconnect Switches into —. 
19-ft. space with room to spare. Switches provide economical disconnecting means 

for ten 2400-volt cable feeders. Only 4 inches wide. 

These porcelain-housed switches provided an independent unit in each phase of 

each circuit. Live parts completely enclosed in either open or closed position. 

Easily operable with hot stick. Per unit cost installed was less than other methods, 


You can get them in 
100, 200, 400 and 600 


ampere ratings. 


You can get them in 
19 different styles to 
fit practically any need. 


Catalog 475-2—400 Amperes, 714 K. V. 


Send for Bulletin 106, which will give you full details. 


_N. MATTHEWS CORPORATION 


SAINT LOUIS, U.S. A. 


CORPORATIO! 
ST.LOUIS.U.SA, 
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BIBLIOGRAPHY ON 
CIRCUIT- 
INTERRUPTING 
DEVICES 


HE second of several technical bibliog- 
raphies currently in preparation by 
Institute committees, a ‘Bibliography on 
1928-1940,’ 
sponsored by the AIEE committee on pro- 


Circuit-Interrupting Devices, 


tective devices, has just been published. 
This list of more than 850 titles covers the 
period 1928-1940. It includes all important 
material on the subject of circuit-interruption 
published in the United States by the Insti- 
tute and various technical and trade periodi- 
cals, and the principal articles published in 
other countries. 

Following the arrangement of the ‘‘Bib- 
liography of Relay Literature, 1927-1929," 
published in July 1941, the reference items 
in the “Bibliography on Circuit-Interrupting 
Devices” are divided according to subject, 
and within each section are numbered con- 
secutively, subdivided by years, and listed 
The subject 
Circuit Breakers (Air, Oil, 
Water, Rapid Reclosing, Recovery Voltages, 


alphabetically for each year. 
headings are: 
General and Miscellaneous), Enclosed 
Switchgear, Air Switches, Bus Bars, and 


Fuses and Fuse Protection. 


**Bibliography on Circuit-Interrupting 
Devices, 1928-1940’’ 
Printed pamphlet, 28 pages, 81% by 11 
inches; 40 cents per copy to AIEE 
members (80 cents to nonmembers). 
Discount of 20 per cent on quantities of 
10 or more copies mailed to one address 
at one time. Remittances in New York 
exchange should accompany orders. 


Use coupon for ordering publications 


AIEE Order Department 
33 West 39th Street, New York, N. Y. 


Please send me: 


eR eit. Copies of BIBLIOGRAPHY ON CIRCUIT- 
INTERRUPTING DEVICES 1928-1940 


for which I enclose check for $.......... 


(0 AIEE Member 


1) Nonmember 


RUBBER COVERED POWER CABLES @ BUILDING WIRE | 


It’s a BIG ORDER, but 


CRESCENT 


WIRE & CABLE 
is helping meet the need 


ESFLEX NON-METALLIC SHEATHED CABLE @ SERVICE ENTRANCE CABLE @® MAGNET WIRE @ BARE WIRE 


uncle ‘Saint Onder 
Ww 1942 Production 
My 60.000 — PLANES 
= 45.000 —TANKS 
\ 20. 000 ANTIAIRCRAFT GUNS 
Si 8.000.00070NS OF SHIPPING 


Plus - BUILDINGS 
FA CTORIES 


Miles of copper wire and cable go into the manufacture of 


America’s great bombers, tanks and ships. More miles go into 
the huge new plants that are building these weapons for the great 
allied offensive to come. CRESCENT, as in the last war, is playing 
an increasing part in the effort to meet the demand for 


ELECTRICAL WIRES AND CABLES 


WAR PRODUCTION 100% 
CRESCENT INSULATED WIRE & CABLE CO. 


WIRE and CABLE 


GNY ddaSyONA G@YET © SGH0O 


Z1GYO dgaguoWey © SATEYD AVYMNUYd 


INA G seg ererae cache tie isl ire ANS WISE ego Sianeli. ae shale he eta eg : : 
ay Factory: TRENTON, a a ep forks in fa 
Bddress sent fer oe fos: coins te eben rT) a ra 
Bhs Soa anes, A ee ae CRESCENT ENDURITE SUPER - AGING INSULATION 
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BUS-WAY 
ENCLOSURES 


CUBICLES 


SWITCH GEAR 
HOUSINGS 


SWITCH BOARD 
PANELS 


CONTROL DESKS 
CONTROL PANELS 


June 1942 


for POWER, LIGHT, PHONE, 
COMPRESSED AIR CONTROL 


and DISTRIBUTION 


Among the many different products of sheet metal fabricated by Kirk & Blum, the 
above illustration is an outstanding example of our service. 
Here are portrayed on the Production Line, 264 Cubicles (in various stages of 
assembly ) recently built on a rush order for a new defense plant. 
We have been of helpful service to industry in general, for more than a third of a 
century, in the fabrication of sheet metal parts of various design and construction. 
Our Engineering Staff will make recommendations to you for the economical pro- 
duction of your sheet steel and light plate work. 

Send us your blue prints for prompt quotations. 


de KIRK & BLUM MFG. cz. 


2855 SPRING GROVE AVE. CINCINNATI,OHIO. 
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Assembling and testing Moloney Power Transform- 
ers in one section of the Moloney Plant which 
contains over 600,000 square feet of floor space. 


Behind every step of production stands 
Moloney’s 45 years experience as man- 
ufacturers of Transformers exclusively 


One product...Transformers...since 1896. This tells the 
story of why Moloney produces the finest Transformers 
available. Years of experience have resulted in engineer- 
ing perfection, careful fabrication, and unhurried, full 
processing. These qualities are built into all Moloney 
Power Transformers. 


Take advantage of our experience as Transformer Spe- 
cialists. Moloney Transformers will give you top-notch 
performance for many years. Send for bulletin PR-391102 
telling the story of Moloney Power Transformers and 
picturing installations in all sections of the country. 


MOEO . ELECTRIC COMPANY, ST. LOUIS, U.S.A. 


POWER AND DISTRIBUTION (RANSFORMERS EeX?C  UUSSStEVEESUaY, SUNCE 18 9 6 


Above is one of three 25,000 Kva trans- 
formers rated 161,000Y to 13,200 volts. 


KERITE 


has been continuously demonstrating the 
fact that it is the most reliable e 


permanent insulation known 
THE KERITE wiretcete COMPANY INC 


hy NEW YORK CHICAGO SAN FRANCISCO 


JUNE 1942 Please mention ELECTRICAL ENGINEERING when writing to advertisers 17 


Small, Large, Fat, Thin, Male 
or Female - In the ‘Gorilla 
Grip” family there is a pre- 
cision made fitting for every 
size conductor, no matter where 
it taps or terminates. 


Lugs, Connectors and Taps are 
available for sizes 14 to 2,000 
MCM. = Each terminal unit 
machined for just one size wire. 
However, one terminal unit will 
fit many types of Lug, Con- 
nector and Tap bodies. 


No special tools are required 
for any “Gorilla Grip” instal- 
lation. Try “Gorilla Grips” 
and see how easy they are to 
install and how perfect a “grip” 


is obtained. 


National Electric 


PRIOIOOCTS TCORPOVRATION 
800 Fulton Building, Pittsburgh, Pa. 
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TRADE LITERATURE 


[Mailed to readers free—unless otherwise noted—upon request to companies named | 


Control Equipment and Motors,—1942 Re- 
vision of “Quick Selector Catalog”, 64 pp. 
The general subjects covered include safety 
switches, nofuze breakers, multibreakers, 
panelboards, motor control and motors. 
New application data, on latest equipment 
in each of these groups has been included. 
Electrical ratings, physical dimensions, and 
circuit diagrams expedite the selection of 
correct equipment for each purpose. West- 
inghouse Electric & Mfg. Co., East Pitts- 
burgh, Pa, 


Machine Maintenance With Metallizing.— 
Bulletin 42A, 16 pp. Describes the metal- 
lizing process and equipment for its appli- 
cation. Tells briefly how essential industries 
are eliminating replacements, and increasing 
service-life of equipment now difficult to 
replace, by building up worn diameters 
with corrosion-resistant sprayed metal. 
Metallizing Engineering Co., Inc., Long 
Island City, N. Y. 


Abrasives—Tapes.—Bulletin, 28 pp. ‘‘3-M 
Products Used in the Victory Program’. 
Describes surface coated abrasives in discs, 
belts, cones, sleeves, bands and sheets; 
Scotch electrical tapes. Profusely illus- 
trated, both as to products and applications. 
Minnesota Mining & Mfg. Co., St. Paul, 
Minn. 


Tachometer.—Bulletin 760, 4 ino, Whe 
scribes model “‘J” hand tachometer, a three- 
range instrument covering all speeds from 
300 to 12,000 rpm, divided into three ranges: 
300-1,200 rpm, 1,000-4,000 rpm, and 
3,000-12,000 rpm. This tachometer is of 
the centrifugal type and indicates the 
changes in speed instantaneously. Herman 
H. Sticht Co.,Inc.,27 Park Place, New York. 


Regulator Calculator—Form 3019.—For de- 
signing new electrical layouts or putting in 
new power lines needed in industry for war 
production, engineers will find this handy 
transformer regulation slide rule very help- 
ful for quickly calculating the percent regu- 
lation of the electrical equipment involved. 
Although designed primarily for calculating 
transformer regulation, the slide rule can 
also be used for calculating the regulation of 
other electrical apparatus. It indicates 
reasonably accurate percent regulation for 
a given resistance and reactance with one 
quick setting. The slide rule is based on the 
formula: Percent regulation, for lagging 
power factor = % Rceos@+ %X sing + 
(% X coso—% R sin 6)? 
200 
the place of the customary method of sub- 
stituting in formulas or nomograms in which 
a straight edge is required to read the dia- 
gram. Allis-Chalmers Mfg. Co., Milwau- 
kee, Wis. 


The device takes 


Fuses.— Bulletin 29. Describes Bowie-Hill 
fuses which embody an important, basic 
development wherein power liberated by a 
primary arc causes instantaneous interrup- 
tion of a second are. These fuses which 
were manufactured to the design of a large 


utility company on the Pacific Coast, have — 


been thoroughly tried out through several 
years’ service and are now available to other 
users. The fuses are of the dry type com- 
prising a glass tube with metal ends. Within 
the tube is a refill cartridge which can be 
replaced readily in the field without tools. 
Inspection is simple since all parts within 
the glass tube can be observed from the 
ground. The arc is broken within the cart- 
ridge, but no molten metal nor other parts 
are expelled. An important saving results 
by the use of these fuses since even the cart- 
ridge can be returned to the factory for 
refill. Exceptionally high interrupting 
capacities are obtainable of ample amount 
for the protection of important lines or 
services. The fuses are described at length 
in a paper entitled ‘‘A Double Break or Gas 
Blast Fuse’ in the AIEE Transactions, Vol. 
60, 1941. Bowie Switch Co., San Francisco, 
Calif. 


Rheostats, Resistors, Tap Switches.—Cata- 
log 18, 16 pp.—Lists over a thousand stock 
items in rheostats, resistors, tap switches, 
chokes and attenuators. Especially useful 
to engineers and purchasing departments as 
a quick-reference specification or buying 
guide. Gives illustrations, descriptions, 
ratings, prices and other helpful information 
on the wide range of Ohmite stock types and 
sizes—simplifies selection. There are close 
control vitreous enameled rheostats ranging 
from 25 watts to 1,000 watts—Dividohm ad- 
justable resistors from 10 to 200 watts, and 
fixed resistor from 1 watt to 200 watts— 
all in many resistance values. Two types 
of tap switches and a wide variety of power 
line and R.F. plate chokes are listed. 
Ohmite Mfg. Co., 4803 Flournoy St., Chi- 
cago, Ill. 


Fans.—Catalog X4549, 28 pp. Illustrated 
in color, describes approximately 100 types 
of electric fans, in many models, with com- 
plete data on construction features and per- 
formance. The Emerson Electric Mfg. Co., 
St. Louis, Mo. 


Welding Machine.—Bulletin 412, 20 pp. 
Contains complete description of latest 
model ‘‘Shield-Arc’’ welder which is widely 
used in the production of warships, guns, 
tanks, planes and other ordnance items; 
printed in two colors; profusely illustrated 
with 60 photographs, diagrams, charts, 
etc.; shows practical application of ‘“‘Shield- 
Arc’ welding in numerous industries. 
Lincoln Electric Co., Cleveland, Ohio. 


Cold-Cathode Fluorescent Illumination.— 
Bulletin, 8 pp. The unique advantages of 
cold-cathode fluorescent lighting, particu- 
larly as applied to wartime industries are 
covered. It is stated that this type of 
lighting, which can be effectively installed 
without reflectors or fixtures, is filling a real 
need not met by the usual fluorescent fix- 
tures. Fluorescent Lighting Association, 
509 Fifth Ave., New York City. 

(Continued on page 22) 
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The Type 815 Precision Fork is 
calibrated in terms of the G-R Pri- 
mary Standard of Frequency. A har- 
monic of the frequency standard 
drives a 1,000-cycle motor to which is 
affixed a paper stroboscopic disc. 
The output of the Fork is amplified 
and flashes a G-R STROBOTAC, 
used to illuminate the stroboscopic 
disc. By counting the number of 
spots on the paper disc passing a given 
index per unit of time, the frequency 
of the fork can be measured to within 
a few parts per million. 


TWO PARTS PER 


MILLION 


TYPICAL ILLUSTRATION of the care used in manufacturing and 

testing G-R equipment is the Type 815 Precision Fork, widely used 

as a low-frequency standard, in geophysical exploration, general laboratory 

testing, and in rating clocks and watches. These forks are supplied for fre- 

quencies of 50, 60 or 100 cycles. They are calibrated to an accuracy of two 
parts per million. 

The material from which the forks are made is low-temperature-coefficient 
stainless steel, received from the supplier in the form of bars. As the tem- 
perature coefficient of different lots of steel varies, a sample fork is made from 
each new lot and the coefficient is obtained after a protracted temperature run. 

From previously determined mechanical tolerances, the forks are then 
machined in our shop. The average fork as received from the shop is about 
two cycles below its nominal frequency. The initial frequency is measured 
to within one millicycle. From data previously obtained, the amount of 
material to be milled from the ends of the tines is determined and the fork is 
returned to the shop for the first rough adjustment. A second check to 
within one millicycle is then made and if necessary the fork is returned to the 
shop again for further adjustment. Occasionally a third rough check and 
adjustment are required. 

The fork is then ready for final adjustment and calibration. A hole is 
drilled and tapped in the end of each tine to receive two adjustable loading 
screws. The frequency is measured to within one millicycle with both tine 
holes empty, with an inner tine screw in each hole and then with an outer tine 
screw set up tightly against the first screw. From these measurements the 
approximate amount of material to be cut from the tine screws to bring the 
frequency very close to its nominal value is ascertained. 

The fork is then allowed to run for a half-hour at a controlled temperature 
of 77 degrees F. after which the final frequency measurement is made. 
Appropriate adjustments of the tine screws set the frequency to within 
0.001% of the nominal value. The voltage coefficient of frequency is now 
obtained. This is approximately 0.005% per volt. The output voltage and 
harmonic content are then measured. 

The forks are then placed in stock. When orders are received the forks 
are returned to the laboratory and the frequency is measured at a driving 
voltage of exactly four volts. A calibration certificate showing the exact 
frequency to within 0.002% at a stated temperature between 70 and 80 
degrees F., and showing the temperature and voltage coefficients of fre- 
quency is supplied with each fork. 


GENERAL RADIO COMPANY 


CAMBRIDGE, MASSACHUSETTS 
Branches in New York and Los Angeles 
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On through the night! 


TNHE lighted windows that gleam all 
night in thousands of factories and 
power stations tell the story of power’s 
importance in the keyed-up industrial 
activity of these times. The busy machines 
and the men behind those windows depend 
on unfailing power and light. The respon- 
sibility for electrical transmission and 
distribution can safely be entrusted only 
to wires and cables of the highest quality. 
Electrical wires and cables produced by 
American Steel & Wire Company play a 


e 


vital role in transmission and distribution. 
They serve well because they reflect the 
engineering skill and manufacturing ex- 
perience that can be gained only by years 
of constant, progressive endeavor — be- 
cause their quality is controlled through 
every step of manufacture. 

Looking ahead to the time when de- 
mands for power and light will exceed even 
those of today, our engineers are working 
tirelessly on new ideas to improve still 
further the quality of our products. 


AMERICAN STEEL & WIRE COMPANY 
Cleveland, Chicago and New York 


Columbia Steel Company, San Francisco, Pacific Coast Distributors 


ELECTRICAL WIRES 
AND CABLES 


American Steel & Wire Company Electrical 
Wires & Cables are serving from coast to 
coast in the vital job of transmitting and 
distributing power and light. They are 
manufactured under the closest control, 
from the first operation to the last, and 
embody all latest improvements in design 
and construction. 


United States Steel Export Company, New York 


TRADE LITERATURE 


FORGO. SAS SE 
(Continued from page 18) 


Terminal Blocks.—Cat. 1, Sec. 6B, 8 pp. 
Describes and illustrates type NT terminal 
blocks, designed to provide compact termi- 
nal facilities and to simplify testing or dis- 
connecting switchboards, signal and similar 
circuits. Available in from one to sixty 
poles. Price list included. The States Cor 
Hartford, Conn. 


Magnet Wire Data Chart.—This is a wall 

chart that gives all pertinent information on 

enameled magnet wire in an easily read 

form. Measuring 22 x 36 inches, the chart” 
is printed in green and black on heavy paper, 

protected top and bottom by metal bind- © 
ing, and is equipped with a metal tab for 
hanging. This is the first chart of its type, 
and engineers will undoubtedly find it very 
useful. The company is planning to pro- 
duce other charts covering additional types 
of magnet wire. Rea Magnet Wire Co., 
Ft. Wayne, Ind. 


Plated Metals.—‘‘Defense Sampler.’’ Con- 
tains samples of plated metals—chrome 


- se CAPACITORS 7 oo ; l -| | plated steel, bright and satin finish; copper 
Pp : and brass plated steel; chrome plated 
PAPER : . a at their best! brass and nickel plated steel. Illustrates by 


means of a chart how such finishes can help 
conserve strategic metals. American Nickel- 
oid Co., Peru, Ill. 


attempt has been made to supply a compre- 
hensive treatment of the subject of springs. 
It has been the aim, rather, to supplement 
the several excellent works on this subject 


of completely dependable paper capacitors for the | already available by discussing more fully 


_ Solar experience plays a vital part in the BPOUUEDION 8) | vircrupt hes teen sande to supoly 2 compre 


the grade of spring which is needed for the 
| satisfactory performance of instruments. 
| All-Weather Springs (Co.), 72 Washington 
St., New York City. 


Armed Service Branches of our Government. Snail’ Motors eee ee 


| bulletins describing various types of frac- 
| tional hp motors. Includes a reprinted 
article on ‘‘Selecting Special Motors.” 
| The publications are enclosed in an attrac- 
| tive, specially designed file folder. The 
| Dumore Co., Racine, Wis. 


| Handy Wire Data Card.—Wire data chart, 
printed on heavy celluloid, 51/4,” x 3”, in 
two colors, that will be useful to every engi- 
neer who has occasion to employ wire in his 
designs or specifications. On its face in 
columnar tabulation are given the B&S, 
Washburn & Moen, and the Stubs or Birm- 
ingham diameters for gauge sizes 1 to 50. 
In addition, the B&S column shows feet 


Consult Solar for prompt solution 
of your paper capacitor problems 
| per pound for each size of standard 5 per 


| cent phosphor bronze and a table of con- 


SOLAR MFG. CORP : hs BAYONNE N J | version factors for use in obtaining the 
e | e oe | | 


ft./Ib. values for 15 other common wire 
materials. Along one edge is an inch rule, 
divided into 16ths. On the reverse side is a 
tabulation which gives for each of these 15 
the details of nominal analysis composition; 
approximate tensile strength for hard and 
| soft grades, in pounds per square inch; 
approximate percentage of elongation for 
| hard and soft; density in pounds per cubic 
| inch. Callite Tungsten Corp., Wire Div., 
Union City, N. J. 


SOLAR 
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Serving with 
the Armored Force 


International Telephone & Radio Manufacturing Corporation 


The tanks are coming. . . rolling forts that ‘“‘go anywhere’’ and give 
it as well as they take it. And in the thick of things, wherever direct 
current is required from an A.C. source, I. T. & T. Selenium Recti- 
fiers are proving they can take it, too. 


For all practical purposes these rectifiers are unaffected by dust or 
moisture, shock or vibration. They have no moving parts to wear 
out or cause failure at crucial moments. Electrically and mechani- 
cally stable, they are efficient over the wide temperature and atmos- 


pheric ranges met in different fields of combat. 


Consulting engineering services available for specific requirements, 
Address Technical Department for descriptive bulletins. 
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General Offices: 1000 Passaic Ave. 
East Newark, New Jersey 


HOW TO GET 


EXPERIENCED HELP 
AND PRODUCTION 
MACHINERY 


WITHOUT 
INVESTMENT 


@ Too good to be true? Here's the facts. If you 
use transformers of standard or special specifica- 
tions, all your problems concerning their design 
and production can be eliminated from your mind. 
Just turn the job over to Acme. Acme has three 
modern transformer manufacturing plants, (at 
Cuba, N. Y., and Clyde, N. Y.), fully equipped 
with the finest types of money and time-saving 
equipment. A complete staff of transformer engi- 
neers are ready to work with you and a specially 
trained production organization to produce your 
transformer to Acme acknowledged quality 
standards. If your transformer design can be 
adapted to the hundreds of designs for which 
complete tools, dies and fixtures are on hand,— 
you can immediately save tooling costs and 
months of time. 


BCIFICATION 
a4 FORMERS 


WRITE 
FOR THIS 
CATALOG 


The Specification 
Transformer Bulletin 
#155 may help you 
adapt your trans- 
former design to 
make use of tools 
and dies available 
for immediate pro- 
duction. 


YOU NEED THIS BREAKDOWN 
TESTER 


For laboratory, 

experimental, 

production line 
testing or factory main- 
tenance, the Acme Break- 
down Tester is an im- 
portant instrument. Primary voltage 115, 60 cycle, 
secondary voltage manually adjusted to 500/1000/ 
1250/1500/1750/2000/2500 volts. Non-destructive, 
100% leakage type transformer limits current under 
short circuiting conditions. Write for Bulletin #140. 


THE ACME ELECTRIC & MFG. CO. 
22 Water St. Cuba, N. Y. 


Acme F leetirte 
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Balancing Machine.—A portable, watt- 
meter type balancing unit is being offered 
by the Gisholt Machine Co., Madison, Wis. 
This unit was designed by the Westing- 
house research laboratories to detect un- 
balance in large rotating parts of special 
design without dis-assembly from their 
parent machines, making possible easy 
correction and maintenance of proper 
balance, under actual operating conditions. 
Such special machine parts, in small quan- 
tities, with rotating speeds from 100 to 
10,000 rpm can be checked for unbalance 
by means of the portable unit, which indi- 


cates both phase angle and amplitude of 
vibration. From these readings, locations 
where corrective weights are needed may be 
readily determined. 


Radiation Pyrometer—A new radiation 
pyrometer, known as the “‘Pyrovac’”’ has 
been developed by The Bristol Co., Water- 
bury, Conn. This instrument is designed 
for recording, indicating, or automatically 
controlling temperatures in furnaces and 
kilns above 900 degrees Fahrenheit. The 
temperature-sensitive unit or radiation head 
is mounted on the outside of the furnace, out 
of the hot zone, where it picks up heat rays 
emitted from the object under measure- 
ments thus registering its surface tempera- 
ture. It is intended for use in measuring 
and automatically controlling temperatures 
where high temperatures are out of the range 
of the thermocouple; for temperatures for 
which rare-metal themocouples are used; 
for surface temperatures, such as roof, wall, 
duct, lining, or retort temperatures; or 
where object is moving, is inaccessible, or 
where there are space limitations. 


writing to advertisers 


Bus-Drop Cable.—A nonrubber flexible 
Flamenol bus-drop cable for 600-volt branch — 
circuits has been introduced by the wire and 
cable division of the General Electric Co. 


ae BUSWAY 


Se indy i> 
PLUGIN BOX a, 


“SPRING 


PORCELAIN 
|} INSULATORS 
ij 


How Flamenol Bus-drop | 


~~ 
i] FLAMENOL 
| BUS-DROP 
CABLE 


Cable Connects Busway | 
and Machine (OneMethod) | 
| 


fOu ae 
(MACHINE Le BOX 


By use of this low-cost conductor, connection 
from bus to machine can readily be made 
at a saving in installation time and ma- 
terials. Besides using no rubber, it requires 
no conduit, thereby saving steel. One end 
of the cable is inserted into a knockout of 
the plug-in box of the bus system, simply 
by using a conventional squeeze-type fitting. 
This type of fitting can be used, and simple 
installation methods followed, because 
Flamenol cable has properties of high resist- 
ance to oils, acids, alkalies and coolants. 


Load-Center Unit Substation.—Standard- 
ized load-center unit substations introduced — 
by the Allis-Chalmers Mfg. Co., Milwaukee, 
Wis., are now available in sizes ranging 
from 100 to 2,000 kva. These compact, 
coordinated, factory-built units can be 
quickly installed anywhere in industrial 
plants or power distribution centers, saving 
valuable headroom, floor space and long 
secondary runs of heavy copper. Extremely 
flexible, the standard unit substations offer 
a wide choice of incoming- and outgoing-line 
arrangements. The substation consists of 
a metal-enclosed incoming-line section, a 
throat-connected transformer and a low 
voltage feeder section. On the high voltage 
side potheads, disconnect switches, oil fuse 
cutouts, metal-clad switchgear or direct 
connection through terminal box can be 
supplied. On the low voltage side, station- 
ary or drawout air breakers, electrically or 
manually operated, are furnished. Trans- 
formers can be oil immersed, dry type, or 
non-inflammable Chlorextol liquid-filled. 


Arcing Horns.—To provide conductors on 
high voltage transmission lines with ade- 
quate protection from power arcs, the Ohio 
Brass Co., Mansfield, Ohio has developed 
two types of boltless arcing horns for attach- 
ment at the bottom of insulator strings. 
Both devices are made of pipe to eliminate 
sharp edges and are said to be free of radio 
interference at voltages well above their 
recommended line ratings. They both offer 


(Continued on page 26) 
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KNow-How” 


J ust as important to many customers as the quality of IRC fixed 
and variable resistors itself is the “Know-How” of resistor usage 
that IRC specialized experience makes available. 


This “Know-How” is designed into IRC products. It is a big 
part of IRC customer service. It avoids mistakes in resistor speci- 
fications and orders. It simplifies matters of inspection and 
ptiorities. It clarifies many special technical problems. Above all, 
it means invaluable help in selecting the right resistor for the job 
—chosen without bias as to type from a line sufficiently broad to 
cover practically every requirement. 


For the solution of a large number of the problems confronting 
the designing engineer, IRC has prepared the Resistor Chart 
which is yours for the asking. However, many special problems 
frequently arise requiring the “Know-How” of a trained staff of 
resistor engineers, which IRC has available. 


INTERNATIONAL RESISTANCE COMPANY 
427 N. BROAD STREET, PHILADELPHIA, PA. 
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MANUFACTURED FROM 
STANDARD PARTS... 


Custom designed transformers can often be assembled from 
standard parts found in the large variety of types and sizes 
available to Chicago Transformer's customers. 


Where entirely different designs are necessary, it's modern 
and complete plant and laboratory facilities are equipped 
to handle the. most unusual assignments. 


Given the application, description and the electrical results 
desired, the Chicago Transformer organization should best be 
able to solve your new and difficult transformer problems. 


Manufacturers of all ly pres of 
Beate of) lo 40 KH Ved 


Please mention ELECTRICAL ENGINEERING when writing to advertisers 


| per, 
| ing castings. 


| standard equipment. 


NEW PRODUCTS 


(Sea ee ag ae RM i i SN I 
(Continued from page 24) 


increased conductor protection, the manu- 
facturer claims, because they are longer 
(40 inches over-all), have greater coverage 
and use larger, heavier metal sections than 


other designs. One style, known as the 
“Longhorn,” is intended for 115-, 138- and 
161-kv lines. It consists of two lengths of 
1/.-inch pipe, threaded into a special socket 
eye. The other style, using a figure 8 de- 
sign and called the “‘Bighorn,’’ is suitable 
for lines up to and including 230-kv. It is 
made of 3/4-inch pipe, welded to form a con- 
tinuous loop. 


Disconnecting Switch—A new 3,000-am- 


| pere, 23-kv hookstick operated disconnect- 


ing switch, developed by the Delta-Star 
Electric Co., Chicago, has high pressure 
silver-to-copper contacts at both blade 
ends. The design 
embodies a straight 
line current path with 
current carrying parts 
of hard drawn cop- 
thus eliminat- 
Rugged 
locks and a pressure 
releasing device are 


Clamp type lugs for 
IPS tubing can be 
furnished or switch 
pads for square tub- 
ing or flat bars. 
These type B2-P a 
switches areavailable , es 

in capacities from 

2,000 to 6,000 amperes and up to 34.5 kv 
ratings. (Continued on page 28) 
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LABORATORY STANDARDS... 
INSTRUMENT TRANSFORMERS . 


CONTROL DEVICES 


* 


EXPOSURE METERS 


“How is it possible for WESTON so success- 
fully to forestall friction in instrument 
bearings when the combination of design 
factors is so critical?” 

First let’s look at these factors. The 
bearing may measure only 3/32 in. dia. 
The tiny steel pivot, supporting a mov- 
ing coil weighing only 1/100 ounce, may 
have a point several times sharper than 
the finest needle. The static pressure be- 
tween them will exceed 20,000 Ibs. per 
square inch; and the starting torque may 
only be the result of minute energy pro- 
duced by a few microamperes. Yet that 
pivot must swing freely perhaps millions 
of times during the life of an instrument! 

Here, again, the answer is to be found 
in basic WESTON design, and WESTON con- 
trol of every step in instrument manufac- 
ture. Despite their extreme fineness pivot 
points for example, are formed to a true 
sphere ...then the pivots are heat treated 


tee 


SENSITIVE RELAYS. . 
AIRCRAFT INSTRUMENTS .. . 


WESTON 


by an exclusive process to the exact hard- 
ness degree that resists crushing or mush- 
rooming under the tremendous pressures 
involved. The “V” bearing, too, is care- 
fully checked for precise dimensions and 
flawless surface by a special optical method 
which insures perfect operation of pivot 
and bearing. 

But supplementing these and other 
WESTON methods is the skill of instrument 
craftsmen who have acquired the “know 
how” through years of instrument spe- 
cialization...to whom the term “‘friction- 
free” is ever an ideal capable of achieve- 
ment. For only through specialization can 
the superior techniques be developed, the 
“know how” be acquired, the ideal be so 
closely achieved . . . to insure that instru- 
ments provide the accuracy and dependa- 
bility so typically WESTON . . . Weston 
Electrical Instrument Corporation, 664 
Frelinghuysen Avenue, Newark, N. J. 


OT triments 


. PRECISION DC AND AC PORTABLES...DC, AC, AND THERMO SWITCHBOARD AND PANEL INSTRUMENTS 
. SPECIALIZED TEST EQUIPMENT . 
ELECTRIC TACHOMETERS . . 


. LIGHT MEASUREMENT AND 
. DIAL THERMOMETERS 
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Help You Meet Those 
“Impossible Specifications 


Sprague Koolohms’ exclusive features enable them to meet specifications heretofore 
impossible — have proved particularly helpful in meeting the exact demands made 
of war manufacturers. Setting new high standards of performance under adverse 
salt water immersion conditions, Koolohm resistors are approved for much military 
and naval equipment, for which average resistors were inadequate. Koolohms are 
smaller, sturdier, better protected. Write for samples. See for yourself how accurate 
are Koolohms and how long they stay accurate. 


KOOLOHM Single-Layer Winding 


Because Koolohm wire is ceramic insulated before it is wound, each turn 
can be wound tightly against the next. The insulation on the wire provides 
absolute protection against shorts and changed values. The ceramic insula- 
tion on Koolohm wire has a dielectric strength of 350 volts per mil at 400° C.! 


KOOLOHM Progressive Winding 


Koolohm ceramic insulated wire can be wound in high density patterned 
windings giving the electric equivalent of many layers of winding without 
high potential gradients. 

This permits much larger wire sizes with the resultant safety factor, and 
much higher resistance values in small space. For example, 7500 ohms of 
2.5 mil wire, or 70,000 ohms of 1.5 mil wire in a fully rated 10 watt resistor 
only 15/32” x 1-27/32” long. 


Section With Ceramic Insulation Removed 


The ceramic insulation now used exclusively on Koolohm wire is heat-proof 
—is actually applied to the wire at 1000° C. It is so moisture-proof it can 
be boiled in water — provides heretofore impossible humidity protection, 


KOOLOHM Mounting Features 


Although the wire is insulated before winding, Koolohms are doubly 
protected. Most types are encased in a sturdy outer ceramic shell that will 


not peel or chip and allows quicker, easier, time and space saving mount- 
ing directly to metal or grounded parts with complete resistor circuit fer 
insulation. 


KOOLOHM Non-Inductive Resistors 


Ceramic insulated wire permits perfect interleaved Ayrton-Perry windings, reducing induct- 


ance to practically negligible values, even at frequencies of the order of 60 mc. Distributed 
capacitance is very small. 


SPRAGUE SPECIALTIES COMPANY (Resistor Div.), North Adams, Mass. 


SPRAGUE 
ORM 


SEND TODAY 
FOR CATALOG! 
Catalog and samples 


sent free upon re- 
quest. 
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Thin Slot Insulations.—New thin types of 
“TRY-O-SLOT”’ insulation have been de- 
veloped by Irvington Varnish & Insulator 
Co., Irvington, N. J., to provide non-bulking 
slot insulation for use in confined or limited 


space. These materials, plus straight-cut 
and bias-cut varnished cambric in heavier 
combinations, provide for every slot re- 
quirement. IRV-O-SLOT insulation con- 
sists of fish or Spauldo papers coated with 
resin or bonded by. means of a plastic in- 
sulator, to cambric, silk, or Fiberglas. 
These insulations possess ample strength 
and toughness as protection against me- 
chanical stresses. They have high dielectric 
strength. The duplexed IRV-O-SLOT and 
Spauldo paper have exceptional heat resist- 
ance. The bonded insulations have high 
moisture resistance. All IRV-O-SLOT 
insulation is flexible and easy toform. This 
simplifies and speeds application. It is 
available in sheets and also tape form ready 
to be cut into slot strips. 


Feeder Voltage Regulators.—Especially de- 
signed for feeder circuits where exacting 
voltage regulation requirements must be 
met, and liquid cooling is undesirable, a 
new low-cost, air-cooled voltage regulator 
for indoor use has been introduced by the 
Westinghouse Electric & Mfg. Co., East 
Pittsburgh, Pa. Known as type SA, the 
regulator is intended for single-phase feeders, 
2,400 volts, 50 to 300 amperes, and 4,800 
volts, 25to 150 amperes. Single-phase units 
can be used in banks 
on polyphase circuits 
two units in open 
delta on 2,400- or 
4,800-volt, 3- wire 
circuits, or three 
2,400-volt units on 
4,160-volt, 4-wire 
circuits. All ratings 
have _ self-contained 
power for motor and 
other control func- 
tions. No liquid 
cooling is required, 
and winding insula- 
tion is flame resisting 
to reduce hazard 
from fire or electrical 


maintenance and 
continuity of service, 
a new design of vol- 
tage regulating relay 
eliminates the usual 
assembly of delicate 
pivots, pins and 
springs. Separate 
transformers prevent operation of the motor 
from affecting the relay. Air cooling is by 
natural convertion. 
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i] READY 


DEFINITIONS OF 
ELECTRICAL TERMS 


This new American and Canadian 
Standard, just published, is now 
available for general distribution. 


This is the first time the definitions 
of the important terms common to all 
branches of the art as well as many 
specifically related to each of the 
various branches have been assem- 
bled and printed under one cover. 


The volume will be of major in- 
terest to all branches of the elec- 
trical profession and should prove 
an invaluable aid to engineers, 
scientists, technicians, editors, 
teachers, students, manufacturers and 
many others. Priced exceptionally 
low for a publication of this char- 
acter—to insure maximum distribu- 
tion and service. 


Send for your copy today ! 


¢ 312 pages, 8 x 11 inches; high 
quality paper and printing; ser- 
viceable blue fabricoid binding 
with gold lettering; thoroughly 

indexed. 


A.1.E.E. Standards Committee 
H. E. Farrer, Secretary 
33 West 39th Street, New York, N. Y. 


Please send me. ......copies of ‘‘Definitions of Electrical 
Terms.” Price $1.00 net per copy in U. S. A. [$1.25 CU. S. A. 


currency) outside U.S. A,]. 
Remittance is enclosed herewith. 


(Make checks or M. O. payable to A. I. E, E.) 


No discount allowed on above prices 


Fie dhs BAe CER comity Pe eiugrtones nO merce aac aoe ee ORE Cee OWES" 
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AMERICAN INSTITUTE OF ELECTRICAL ENGINEERS 


33 West 39th Street, New York, N.Y. 


Engineering 
Societies 


Boston Chicago 


4 Park St. 


New York 
31 West 39th St. 


The following items are furnished by the Engineering 
Societies Personnel Service, Inc., which is under the joint 
management of the national societies of Civil, Electrical, 
Mechanical, Mining and Metallurgical Engineers. This 
Service is available to members and is operated on a co- 
operative, non-profit basis. 


In applying for positions advertised by the Service, the 
applicant agrees, if actually placed in a position throug 
the Service as a result of these advertisements, to pay & 
placement fee in accordance with the rates as listed by the 


911 West Wacker Dr. 


Personnel Service, Inc. 


San Francisco 
57 Post St. 


Detroit 
100 Farnsworth Ave. 


Service. These rates have been established in order to 
maintain an efficient, non-profit personnel service and are 
available upon request. This also applies to registrants 
whose notices are placed in these columns. 

All replies should be addressed to the key numbers 
indicated and mailed to the New York Office. 


A weekly bulletin of engineering positions open is 
available to members of the cooperating societies at a 
subscription of $3 per quarter or $10 per annum, payable 
in advance. 


Effective June 1st, the Engineering Societies Personnel Service, Inc. is pleased to an- 


nounce the opening of a new office at 4 Park Street, Boston, Mass., Mr. 
This office will carry on the work 
and Research Bureau, Inc, 


Gilmore, Manager. 


Positions Available 
(See also page 31) 


GRADUATE ELECTRICAL ENGINEER, 
32-40, with at least five years’ experience. Should 
have experience in the aviation field, especially air- 
craft design. Must be capable of maintaining con- 
tacts and other relations with customers, engineers 
and executives. Considerable traveling. Must be 
U.S. citizen. Headquarters, Pennsylvania. Y-9375. 


ELECTRICAL ENGINEERS to design switch- 
boards and electrical power controls. Permanent. 
Salary, $2080-$3120 a year. Location, Pennsyl- 
vania. Y-9418. 


RECENT GRADUATE for development work 
in laboratory on the development of solid insulation 
used in transformers of all ratings. Should have 
ability to do research and development work. Loca- 
tion, New England. Y-9531. 


ELECTRICAL ENGINEER to assist in study- 
ing power requirements including analyses of hydro- 
electric and fuel plants, design of structures, esti- 
mates of costs of construction, etc. Salary, $3200- 
$4600 a year. Location, New York Metropolitan 
Area. Y-9657. 


DESIGNERS, DRAFTSMEN AND LAYOUT 
MEN for the development department of a com- 
pany going into the production of small motors, 
generators, voltage regulators and other electrical 
control equipment. The present problem is the 
engineering of the product. Later openings in the 
production phase of the work available to appli- 
cants. Permanent. Salary open. Location, 
Middlewest. W-92. 


INSTRUCTOR, young, of electrical engineering, 
whose major field is electronics and radio communi- 
cations. Prefer man with some practical as well as 
theoretical experience and who looks forward to 
development activities as well as teaching. Starts 
September Ist. Maximum salary, $2400 a year. 
Location, New England. W-230. 


ELECTRICAL ENGINEER, young, graduate, 
with a specialized training in electronics circuits. 
Requires experimental ability and good theoretical 
background. Work will consist of the application of 
electronics to problems of measurement, inspection 
and control in both the laboratory and the plant. 
re about $3600 a year. Location, Connecticut. 


PLANT SUPERINTENDENT, 35-45, metal- 
lurgical, electrical or mechanical engineer, with 
experience in handling of men, large plant operation, 
with electro-chemical or electro-metallurgical ex- 
perience and knowledge of the application of elec- 
trical power in large volume desirable. Salary, 
$5000 ayear. (b) Assistant Superintendent, 30-37, 
with same experience. Salary, $4000. Location, 
State of Washington. W-339. 


ASSISTANT TO THE PRESIDENT, 35-40, 
mechanical or electrical graduates, with experience 
in selling, marketing and sales promotion. Also 
manufacturing, industrial engineering, industrial 
relations, production control and accounting, 
budgeting, and corporate procedures. Will be 
responsible for the handling of routine affairs and 
assist in coordinating activities or serving in a 
liaison capacity. Salary, $6000-$7200 a year. 
Location, Pennsylvania. W-358. 


PURCHASING ENGINEER who has had ex- 
perience and is acquainted with the supply market 
of electrical insulation materials, brass (sheet, rod 
and tube stock), and some metal castings. Prefer 
an electrical engineering graduate. Salary open. 
Permanent. Location, New York, N. Y. W-401. 


ELECTRICAL ENGINEER, 45 or older, who is 
experienced in the layout, etc. of generating, trans- 
forming and distribution of alternating and direct 
current systems in large manufacturing establish- 


ments. 100% war work—must be U. S. citizen. 
Salary, $3600 a year to start. Location, New York 
State. W-416. 
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George W. 
of the Emergency Planning 


DESIGNERS, electrical, for small fractional 
horsepower motors and instruments. Will be used 
in the development department. Also need 
checkers on the above type of work. Location, New 


York Metropolitan Area. W-466. 


ELECTRICAL DESIGN ENGINEER, 30-50, 
graduate. Should be experienced in overhead and 
underground design layouts, transformer sub- 
stations, flood lighting, motors and controls, plans 
and specifications. Duration, about one year. 
Apply by letter, giving qualifications, minimum 
salary, and reporting date. Those now employed on 
defense projects must have written release. Loca- 
tion, New Mexico. W-481. 


PATENT ATTORNEY, not over 40, preferably 
with an electrical engineering degree, for patent 
work in research laboratory of large company. 
Salary open. Permanent. Location, New York 
Metropolitan Area. W-504. 


ELECTRICAL AND MECHANICAL EN- 
GINEERS with broad experience, to examine tech- 
nical and scientific manuscripts. Any previous 
editorial experience desirable. Salary, $3800 a 
year. Location, New York, N. Y. W-513. 


VALUATION ENGINEERS, mechanical, elec- 
trical or structural. Salaries, $4200—-$4500 a year. 
Location, Texas. W-536. 


GRADUATE ELECTRICAL ENGINEER, 
single, to take charge of a hydroelectric plant. Will 
have under him a staff of forty or more mechanical 


men and a number of electrical men. Salary, 
$3840 a year, plus traveling expenses. Monthly 
living cost at company hotel, $45. Location, 
Newfoundland. W-569. 
Men Available 
PROF of Elec Engg; 55, single; citizen; wide 


exper in teaching E. E. subjects with large univer- 
sities. Available for teaching, research or develop- 
ment work. E-996. 


ELEC ENGR, B.S.E.E., 1931; 32, married; 6 
yrs des. Familiar with high voltage practice, di- 
electric problems, cable systems. Now employed. 
Desires increased responsibility. West preferred. 


B.Sc. in E.E.; 27, citizen; draft deferred; exper 
in com, teaching, and Signal Corps eqpt, especially 
dynamotors; writing ability. E-998. 


ENGR, LAWYER; Master’s degree law and 
engg; 41, married, 3 dependents; 18 yrs exper 
commercial, elec and mech engg. Qualified as 
technical-legal assistant to engg company execu- 
tive. Location desired Atlantic Seaboard or East- 
ern U.S. E-999. 


ELEC ENGR; B.S. and M.S., M.I.T., 1940. 
3 yrs elec mfg exper. Desires pos in far West. Em- 
ployed at present. E-1l. 


ENGR; B.S.E.E., M.S.E.E., Purdue Univ; 32, 
married; U. 5. citizen; exper plant supt; indus- 
trial engr in elec appliances and metal stampings. 
Now employed. E-2-811-Chicago. . 


ENGG TEACHER; B.S. in E.E.; age, 34; 
available as Asst Prof in Elec Engg. Exper in 
teaching basic courses and in development of labora- 
tories. Location anywhere. E-3. 


INDUSTRIAL ENGR; 33, citizen; 
A.M. degrees, N. Y. License; 7 yrs exper with 
medium-sized mfg plant; seeks responsible mana- 
gerial or liaison work in New York. Will travel. 


EXEC DEVPMT ENGR; 55; employed. Many 
patents on electro-mech apparatus and processes. 
Talks language of research lab and operator in 
metal industry. E-5. 


TRANSM ENGR, university grad; 48, single; 
16 yrs in transm des, elec and structural; 6 yrs 
valuation. Location, anywhere in U.S. E-6. 


A.B. and 
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February, 1942 Edition 


RECOMMENDED 
PRACTISE FOR 
ELECTRICAL 
INSTALLATIONS 
ON SHIPBOARD 


(MARINE RULES) 
Section No. 45, AIEE Standards 


A new edition of ‘“Recom- 
mended Practise for Electrical 
Installations on Shipboard” (Marine 
Rules)—Section 45 of the AJEE 
Standards, has been issued, with ad- 
denda as of February, 1942. The 
pamphlet contains 100 pages; price 
is $1.50 (50% discount to mem- 
bers of the AIEE). 


These rules have been drawn up 
to serve as a guide for the equip- 
ment of merchant ships with elec- 
trical apparatus for lighting, sig- 
naling, communication, power and 
propulsion for both alternating and 
direct current systems. They indi- 
cate what is considered good engi- 
neering practise with reference to 
safety of the personnel and of the 
ship itself, as well as reliability and 
durability of the electrical appa- 
ratus. 


Purchasers of copies of 
the 1941 Marine Rules can 
obtain Addenda _ sheets 
without charge, upon re- 
quest, and enclosing self- 
addressed, stamped en- 
velope. 


AMERICAN INSTITUTE 
OF ELECTRICAL 
ENGINEERS 
33 West 39th Street, New York 


JUNE 1942 


JUNE 1942 


CLASSIFIED 


ADVERTISEMENTS 


RATES: Sixty cents per line; mini- 
mum charge based on use of five lines; 
maximum space not to exceed thirty- 
five lines. Copy is due the 15th of the 
month preceding publication date. 


ELECTRICAL ENGINEER wanted 
by nationally known and _ financially 
sound midwestern manufacturer of re- 
sistance welding equipment. Experience 
in design of manual, air and power driven 
spot welders and control apparatus neces- 
sary. Family man Bie and one with 
practical experience also in supervision of 
manufacturing this type of equipment. 
Give complete information Pei past 
experience. Our staff knows of this ad- 
vertisement. Address: Box KD, Elec- 
trical Engineering, 205 W. Wacker Drive, 
Chicago, Il. 


COMMUNICATIONS 
ENGINEERS WANTED 


The Departments of Power of the Tennes- 
see Valley Authority have open positions 
for several communications engineers 
Gunior to associate grade). These posi- 
tions are for outside plant engineers and 
inside plant equipment engineers. The 
duties of the outside plant engineers will 
be to design and supervise construction 
of telephone lines, both independently 
and jointly constructed with high voltage 
power lines. The duties of the inside 
pines equipment engineers will be to 

esign, prepare specifications, and super- 
vise the installation ot terminal equi 
ment, protective devices, switchboards 
(both manual and automatic), and signal 
systems. Applicants should have gradu- 
ated from a recognized school of electrical 
engineering and have some experience in 
the type of work indicated. Interested 
candidates are requested to forward com- 

lete information regarding their quali- 
paaee including «citizenship, age, 
formal education, and employment record 
(giving dates, employers, salaries, and 
descriptions of duties). The Tennessee 
Valley Authority Act exempted the 
Authority from civil service regulations, 
but provided at the same time thar all 
appointments should be made on the 
basis of merit and efficiency. Address all 
communications to the Employment 
Division, Tennessee Valley Authority, 
Knoxville, Tenn. 


ELECTRICAL ENGINEERS 


DESIGNERS and DRAFISMEN wanted 
for power applications and distribution 
systems on steel plants and oil refineries. 
Also a designer on power plants. 


Can use one engineer capable of assuming 
complete charge of DESIGN on the elec- 
trical features of a large steel mil] project 
including a power plant and blast 
furnaces. 


Send complete details including salary 
requirement to 


ARTHUR G. McKEE & CO. 
2300 Chester Ave. 
Cleveland, Ohio 


BLACK & VEATCH 


Consulting Engineers 


Water, Steam and Electric Power Investiga- 
tions, Design Supervision of Construction, 
Valuation and Tests 


4706 Broadway KANSAS CITY, MO. 


FRANK F. FOWLE & CO. 


Electrical and Mechanical 
Engineers 


35 East Wacker Drive CHICAGO 


JACKSON & MORELAND 


Engineers 


Public Utilities—Industrials 
Railroad Electrification 
Designs and Supervision—Valuations 
Economic and Operating Reports 
BOSTON NEW YORK 


SARGENT & LUNDY 
ENGINEERS 


140 South Dearborn Street 
CHICAGO, ILLINOIS 


Professional services over a 
wide range are offered by 
these cardholders. 

Consult the directory when in 
need of specialized engineer- 
ing advice. 


THE J. G. WHITE 
Engineering Corporation 


Engineers—Constructors 


Oil Refineries and Pipe Lines, 

Steam and Water Power Plants, 
Transmission Systems, Hotels, Apartments, 
Offices and Industrial Buildings, Railroads 


80 BROAD STREET NEW YORK 


Z. H. POLACHEK 


Reg. Patent Attorney 
Professional Engineer 


PATENT—TRADE MARK SPECIALIST 
Individual or Yearly Basis 
1234 Broadway Phone 
(At 31 St.) NEW YORK Longacre 5-3088 


SANDERSON & PORTER 
ENGINEERS 
FINANCING—REORGANIZATION— 
DESIGN—CONSTRUCTION 
INDUSTRIALS and °t PUBLIC UTILITIES 
New York 


Chicago San Francisco 


J. W. WOPAT 


Consulting Engineer 
TELEPHONE ENGINEERING 
Construction Supervision 


Appraisals—Financial 
Rate Investigations 


1510 Lincoln Bank Tower, Ft. Wayne, Ind. 


J. G. WRAY & CO. 


Engineers 
Utilities and Industrial Properties 


Rate Surveys 
Estimates 
Management 


Appraisals Construction 
Plans Organizations 
Financial Investigations 


105 West Adams St. Chicago 


WANTED 


“SUPPLEMENT TO ELECTRICAL ENGINEERING— 
TRANSACTIONS SECTION” 
(December, 1940 Edition) 


Copies of the above volume are required. (Only the Supple- 
ment needed not the regular monthly December issue.) 


For each copy returned, 50 cents, plus postage, will be paid. 


Please mail via parcel post, (bookrate—1)4 cents per lb.) to the 
American Institute of Electrical Engineers, 33 West 39th St., 
New York City, printing your name and address on the 


enclosing wrapper. 
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Next to the Stars and Stripes... 


AS PROUD A FLAG AS INDUSTRY CAN FLY 


L. doesn’t go into the smoke of battle, but 
wherever you see this flag you know that it spells 
Victory for our boys on the fighting fronts. To 
everyone, it means that the firm which flies it has 
attained 90 percent or more employee participa- 
tion in the Pay-Roll Savings Plan . . . that their 
employees are turning a part of their earnings 
into tanks and planes and guns regularly, every 
pay day, through the systematic purchase of 
U. S. War Bonds. 


You don’t need to be engaged in war production 
activity to fly this flag. Any patriotic firm can 
qualify and make a vital contribution to Victory 
by making the Pay-Roll Savings Plan available 
to its employees, and by securing 90 percent or 
more employee participation. Then notify your 
State Defense Savings Staff Administrator that 


Make Every Pay Day “Bond Day" 


This Space Is a Contribution to Victory by ELECTRICAL ENGINEERING 


Signifying 90 Percent or More Employee Participation in the Pay-Roll Savings Plan 


you have reached the goal. 
how you may obtain your flag. 


If your firm has already installed the Pay-Roll 
Savings Plan, now is the time to increase your 
efforts: (1) To secure wider participation and 
reach the 90-percent goal; (2) to encourage 
employees to increase their allotments until 10 
percent or more of your gross pay roll is sub- 
scribed for Bonds. “Token” allotments will 
not win this war any more than “token” resist- 
ance will keep our enemies from our shores, 
our homes. If your firm has yet to install the 
Plan, remember, TIME IS SHORT. 


Write or wire for full facts and literature on instal- 
ling your Pay-Roll Savings Plan now. Address 
Treasury Department, Section D, 709 12th St., 
NW., Washington, D. C. 


He will tell you 


ENGINEER- DESIGNER OH nl TE 


WANTED | CE UNITS MEET 
A Client Has Asked Us to Help Find the | RES I STAN L 
Right Man for an Important Position | TOD AY 7§6 CR ITICA 


A client of ours—a long-established leader in his field— | R E Q U | R E M E N T S 


needs an electro-mechanical engineer qualified to handle | 
development and design work on relays, timers and E: a 
solenoids, and who has had practical production expe- 
rience. 

This is not a temporary “‘job."’ It is a position which, | 
because it has been created for the purpose of looking to 
our client’s future, should prove equally important to the 
future of the man who can fill it. 


Proved design ability, based on a practical approach to 
the manufacturing problems involved, is of paramount 
importance. To the right man are offered free reign to | 
initiative and ample opportunity for future development. 


Wi 


The company is located in Eastern Pennsylvania, does 
Controtieg Hi 


well over a million dollars annual volume, and will stand Komis 9h Humidity ‘ 

rigid investigation from any angle. All of its employes Hunige ay types of | hi 

who might be interested know of this advertisement. \ ae Uden ae for. Rotation Life Tests 
id 


If you feel that you can fill the position, we suggest Tap Switches 
that you write us in detail. Correspondence will be 


treated with strictest confidence. 


THE HARRY P. BRIDGE COMPANY 


Advertising Counsellors 


1324 Walnut St., (Box 10) Philadelphia, Pa. 


Measurj 
A Radio f,ntuctance with 


Frequency Bridge 
# 


Pyrometer M 

ea 

Temperature aunt ne Kf 
ina New Device hel 


a7 ¥ 

= Sista quality and extra dependability 
have always been an integral part of 
Ohmite Resistance Units. Electrical and 
physical fitness for heavy-duty service in 
exacting applications are built-in from 
jthe very beginning. Research, engineer- 
ing, testing, production and inspection 
all work together to make Ohmite Prod- 
ucts always a little better. 

As a result, Ohmite Rheostats, Resist- 
ors, Chokes, Tap Switches readily meet 
today’s requirements. They are widely 
used for military, electronic, scientific and 
industrial purposes. 

The wide range of types and sizes 
makes it easier to meet each need. Many 
stock items. Units produced to govern- 
ment specifications or specially engi- 
neered for you. Let Ohmite engineers 
help you. 

SEND FOR CATALOG AND EN- LeweS 
GINEERING MANUAL No. 40 
Write on company letterhead for : 
complete 96-page guide in 
the selection and applica- 
tion of Rheostats, Resistors, 
Tap Switches, Chokes and 
Attenuators, 


OHMITE MFG. CO., 4803 Flournoy St., Chicago, U.S. A. 


CABLES: “ARLAB’ 
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Science Abstracts 


A electrical engineers ac- 
tively engaged in the prac- 
tice of their profession should 
subscribe to ‘Science Abstracts."’ 


Through ‘Science Abstracts” 
engineers are enabled to keep in 
touch with engineering progress 
throughout the world, as one 
hundred and sixty publications, 
in various languages, are regu- 
larly searched and abstracted. 
“Science Abstracts’’ are pub- 
lished in two sections, as follows: 


“A”—PHYSICS—deals with electricity, mag- 
netism, light, heat, sound, astronomy, 
chemical physics. 


“B”—ELECTRICAL, ENGINEERING—deals 
with electrical plant, power transmis- 
sion, traction, lighting, telegraphy, te- 
lephony, wireless telegraphy, prime 
movers, engineering materials, electro- 
chemistry. 


Published monthly by the Insti- 
tution of Electrical Engineers, 
London, in association with the 
Physical Society of London, and 
with the cooperation of the Ameri- 
can Institute of Electrical Engi- 
neers, the American Physical So- 
ciety and the American Electro- 
chemical Society, they constitute 
an invaluable reference library. 


Through special arrangement, mem- 
bers of the A.I.E.E. may subscribe to 
“Science Abstracts’’ at the reduced rate 
of $5.00 for each section, and $10.00 for 
both. Rates to non-members are $9.00 
for each section and $15.00 for both. 
Subscriptions should start with the 
January issue. The first volume was 
issued in 1898. Back numbers are avail- 
able, and further information regarding 
these can be obtained upon application 
to the Secretary, I. E. E., Savoy Place, 
Victoria Embankment, London W. C. 
2, England. 


American Institute of 
Electrical Engineers 


33 West 39th Street, New York 
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Gre ... Vital in a thousand ways to defense . .. must be used 
wisely. For example, using OVERSIZE copper conductors to obtain 
MECHANICAL strength is wasteful of precious material. The steel 
core of the Copperweld wire provides mechanical strength in 
Copperweld or Copperweld-copper Conductors. The copper need 
only do the job that copper does best—conduct electricity. 

Typical applications of copper-saving Copperweld are: power con- 
ductors for electric transmission and distribution systems, telephone 
line wire, telephone drop wire, telephone interior wiring, railroad 
signal line wire, railroad telephone line wire, and telegraph line wire. 

Copperweld wire may also be used for many mechanical and 


non-electrical applications where brass or bronze wires have been 
employed. 


COPPER WIRES 


€ COPPERWELD WIRE 
100% COPPER 


30% COPPER (OR 40%) 


COPPERWELD STEEL COMPANY 


lassponi, Pa. 


COPPERWELD - COPPER - BRONZE RODS, WIRE AND STRAND 


JUNE 1942 


In the Northern 
States, on the Gulf 
Coast, and both east 
and west—Minerallac 
Insulating Com- 
pounds are specified 
... proving that these 
materials do ‘stand 
up’’ no matter what 
change in tempera- 
ture may arise. 


@ WRITE FOR BULLETIN 186 e 


MINERALLAC ELECTRIC Co. 


25 NORTH PEORIA ST. CHICAGO 


Engineering 
Societies Library 


A reference library for engineers—contains 
150,000 volumes—receives over 1,300 technical 
journals and periodicals on all branches of 
engineering. 

Searches are made upon engineering subjects, 
translations from foreign publications, photostats 
made, etc. 

Books may be borrowed by members of the 
AIEE. For information address, The En- 
gineering Societies Library, 33 West 39th St., 
New York. 


At Your Service 


INSULATORS 

NEED 

ENGINEERING TOO 
B 


Insulators are as much a part of electrical 


engineering as the size and number of 
turns of wire, size of core and type of 
steel. Universal Porcelain engineers are 
available to assist you in the proper 
design of your installation requirements. 
This specialized experience can help you. 


THE UNIVERSAL CLAY PRODUCTS CO. 


1550 EAST FIRST ST. SANDUSKY, OHIO 
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OIL-IMMERSED FLOAT SWITCH 
for 
maintaining 
a high or low 
liquid 

level 


The Rowan Type 
600-1 rod oper- 
ated FloatSwitch 
is designed for 
either tank or 
sump operation. 
The entire oper- 
ating mechan- 
ism is oil immersed, making it particularly suited for 
use in corrosive atmospheres. It is of the quick acting 
make and break type and is not affected by oscillating 
liquids. 

The Type 600-1 switch has a liberal rating and can 
be used either as a pilot switch or for direct operation 
of fractional horsepower motors. 


Bulletin 3911 on request. 


Type 600-1 switch designed to conform with the manufac- 
turer's {Interpretation of the Underwriters‘ Laboratories, 
Inc. standards but not Ifsted or tested by Underwriters‘ 
Laboratories, Inc. 


THE ROWAN CONTROLLER CO. 
BALTIMORE MARYLAND 


TONG TEST oc AMMETERS 


measure current in the time 
you take to light a cigarette 


Time, today, is so important 
that the very welfare of our 
country depends upon making 
the most of every minute of 
every day. Make sure that lost 
time in your plant due to break- 
downs caused by current over- 
loads is reduced to a minimum 
by equipping your maintenance 
department with a TONG TEST 
AMMETER. 

This compact, 24/, pound in- 
strument guards against burned- 
out motors and transformers by 
making current measuring a 
simple five seconds job—without 
breaking the circuit or inter- 
rupting operations. With a 
TONG TEST your men can 
avoid expensive, time-consum- 
ing tie-ups by making daily 
check-ups of current loads in a E 
fraction of the time required - 
with bulkier, complicated equip- 
ment. Most important, TONG TEST is the only ammeter 
of its type which measures both A. C. and D. C. 

Your plant, today, needs a TONG TEST. Once used, 
you'll agree it’s the time-savingest instrument you’ve ever 
seen. Get the facts by writing for a copy of the TONG 
TEST bulletin. 


COLUMBIA ELECTRIC MFG. CO. 


4529 Hamilton Ave. Cleveland, Ohio 
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Advertised Products Index 


AMMETER COMPENSATING COILS 
Minerallac Electric Co., Chicago 


AMMETERS, VOLTMETERS 
(See INSTRUMENTS, ELECTRICAL) 


ANCHORS, GUY ; 
W. N. Matthews Corp., St. Louis, Mo. 


BRUSHES, COMMUTATOR 
National Carbon Co., Inc., Cleveland, O, 


BUS BAR SUPPORTS 
Burndy Engg. Co., Inc., New York 
General Electric Co., Schenectady, N. Y. 


CABLE ACCESSORIES 
General Electric Co., Schenectady, N. Y. 
Minerallac Electric Co., Chicago. 


CAPACITORS 
Aerovox Corp., New Bedford, Mass. 
General Electric Co., Schenectady, N. Y. 
Solar Mfg. Corp., Bayonne, N. J. 


Sprague Specialties Co., North Adams, Mass, 


Westinghouse E. & M. Co., E. Pittsburgh 


CIRCUIT BREAKERS 
Air Enclosed 


General Electric Co., Schenectady, N. Y. 
I-T-E Circuit Breaker Co., Philadelphia 
Roller-Smith Co., Bethlehem, Pa. 
Westinghouse E. & M. Co., E. Pittsburgh 
Oil 
Allis-Chalmers Mfg. Co., Milwaukee, Wis. 
General Electric Co., Schenectady, N. Y. 
Roller-Smith Co., Bethlehem, Pa. 
Westinghouse E. & M. Co., E. Pittsburgh 


CLAMPS, CABLE SUPPORTING 
Matthews Corp., W. N., St. Louis 


CLAMPS, HOT LINE 
Matthews Corp., W. N., St. Louis 


CLIPS, WIRE 
Matthews Corp., W. N., St. Louis 


CONDENSERS, ELECTROSTATIC 
Aerovox Corp., New Bedford, Mass. 
General Electric Co., Schenectady, N. Y. 
General Radio Co., Cambridge, Mass. 
Solar Mfg. Corp., Bayonne, N. J. 


Sprague Specialties Co., North Adams, Mass. 


Westinghouse E. & M. Co., E. Pittsburgh 
CONDUIT PRODUCTS 


General Electric Co., Bridgeport, Conn. 
National Elec. Products Corp., Pittsburgh 


CONNECTORS, SOLDERLESS 
Burndy Engg. Co., Inc., New York 
General Electric Co., Schenectady, N. Y. 
Matthews Corp., W. N., St. Louis 
National Elec. Products Corp., Pittsburgh 


CONTROLLERS 
Allis-Chalmers Mfg. Co., Milwaukee, Wis. 
General Electric Co., Schenectady, N. Y. 
Rowan Controller Co., Baltimore, Md. 
Westinghouse E. & M. Co., E. Pittsburgh 


CONVERTERS, SYNCHRONOUS 
Allis-Chaimers Mfg. Co., Milwaukee, Wis. 
General Electric Co., Schenectady, N. Y. 
Westinghouse E. & M. Co., E. Pittsburgh 


CORPRENE GASKETS & PACKINGS 
Armstrong Cork Co., Lancaster, Pa. 


CUTOUTS, PRIMARY-SEC. DISTRIB. 
Matthews Corp., W. N., St. Louis 


DRAFTING PENCILS 
Dixon Crucible Co., J., Jersey City, N. J. 
ELECTRONIC TUBES 
General Electric Co., Schenectady, N. Y. 
Westinghouse E. & M. Co., E. Pittsburgh 


FURNACES, ELECTRIC 
American Bridge Co., Pittsburgh 
General Electric Co., Schenectady, N. Y. 
FUSES, HIGH VOLTAGE 
Schweitzer & Conrad, Inc., Chicago 
Westinghouse E. & M. Co., E. Pittsburgh 


FUSE LINKS 
Matthews Corp., W. N., St. Louis 


FUSE PULLERS & PLIERS 
Matthews Corp., W. N., St. Louis 


GASKETS, “CORPRENE” 


Armstrong Cork Co., Lancaster, Pa. 


GENERATORS AND MOTORS 
Allis-Chalmers Mfg. Co., Milwaukee, Wis. 
General Electric Co., Schenectady, N. Y. 
Westinghouse E. & M. Co., E. Pittsburgh 


GROUND RODS 
Copperweld Steel Co., Glassport, Pa. 


GUARDS, GUY WIRE 
Matthews Corp., W. N., St. Louis 


HEATING UNITS 
General Electric Co., Schenectady, N. Y. 


HOUSINGS, CONTROL APPARATUS 
Kirk & Blum Mfg. Co., The, Cincinnati 


INSTRUMENTS, ELECT: RICAL 
Graphié 
Ferranti Electric, Inc., New York 
General Electric Co., Schenectady, N. Y. 
Leeds & Northrup Co., Philadelphia 
Roller-Smith Co., Bethlehem, Pa. 
Westinghouse E. & M. Co., E. Pittsburgh 
Weston Elec. Instrument Corp., Newark, N. J. 
Indicating 
Ferranti Electric, Inc., New York 
General Electric Co., Schenectady, N. Y. 
Leeds & Northrup Co., Philadelphia 
Roller-Smith Co., Bethlehem, Pa. 
Westinghouse E. & M. Co., E. Pittsburgh 
Weston Elec. Instrument Corp., Newark, N. J. 
Integrating 
Ferranti Electric, Inc., New York 
General Electric Co., Schenectady, N. Y. 
Westinghouse E. & M. Co., E. Pittsburgh 
Weston Elec. Instrument Corp., Newark, N.J. 


Scientific Laboratory, Testing 


Acme Elec. & Mfg. Co., Cuba, N. Y. 

Du Mont Labs., Inc., Allen B., Passaic, N. J. 
Ferranti Electric Inc., New York 

General Electric Co., Schenectady, N. Y. 
General Radio Co., Cambridge, Mass. 

Leeds & Northrup Co., Philadelphia 
Roller-Smith Co., Bethlehem, Pa. 
Westinghouse E. & M. Co., E. Pittsburgh 
Weston Elec. Instrument Corp., Newark, N. J. 


INSULATING MATERIALS 
Cloth 
General Electric Co., Bridgeport, Conn. 
Irvington Varnish & Ins. Co., Irvington, N. J. 
Minerallac Electric Co., Chicago 
Westinghouse E. & M. Co., E. Pittsburgh 
Compounds 
General Electric Co., Bridgeport, Conn. 
Minerallac Electric Co., Chicago 
Roebling’s Sons Co., John A., Trenton, N. J. 
Westinghouse E. & M. Co., E. Pittsburgh 
Lava 
American Lava Corp., Chattanooga, Tenn. 
Moulded 
Bakelite Corp., New York 
General Electric Co., Bridgeport, Conn. 
Westinghouse E. & M. Co., E. Pittsburgh 
Paper 
General Electric Co., Bridgeport, Conn. 
Irvington Varnish & Ins. Co., Irvington, N. J. 
Westinghouse E. & M. Co., E. Pittsburgh 
Tape, Friction 
Minerallac Electric Co., Chicago 
Okonite Company, The, Passaic, N. J. 
Roebling’s Sons Co., John A., Trenton, N. J. 
Varnishes 
Dolph Foeny cts C., Newark, N. J. 
General Electric Co., Bridgeport, Conn. 
Irvington Varnish & Ins. Co., Irvington, N. J. 
Minerallac Electric Co., Chicago 


INSULATORS, GLASS 
Corning Glass Works, Corning, N. Y. 


INSULATORS, PORCELAIN 
General Electric Co., Schenectady, N. Y. 
Lapp Insulator Co., LeRoy, N. Y. 
National Elec. Products Corp., Pittsburgh 
Ohio Brass Co., Mansfield, O. 
Universal Clay Prod. Co., Sandusky, O. 
Westinghouse E. & M. Co., E. Pittsburgh 


INSULATOR TESTING EQUIPMENT 
Ferranti Electric, Inc., New York 
General Radio Co., Cambridge, Mass. 
Roller-Smith Co., Bethlehem, Pa. 


LAMP GUARDS & CHANGERS 
Matthews Corp., W. N., St. Louis 


LIGHTING EQUIPMENT, OUTDOOR 
General Electric Co., Schenectady, N. Y. 
Westinghouse E. & M. Co., E. Pittsburgh 


LIGHTNING ARRESTERS 
General Electric Co., Schenectady, N. Y. 
Schweitzer & Conrad, Inc., Chicago 
Westinghouse E. & M. Co., E. Pittsburgh 


LIGHTING GAPS 
Matthews Corp., W. N., St. Louis 


LOAD RECORDERS—CONTROLLERS 
Leeds & Northrup Co., Philadelphia 


METERS, ELECTRICAL 
(See INSTRUMENTS, ELECTRICAL) 


MOTORS 
(See GENERATORS AND MOTORS) 


OSCILLOGRAPHS, CATHODE RAY 
Du Mont Labs, Inc., Allen B., Passaic, N. af 
General! Electric Co., Schenectady, N. Y. 
General Radio Co., Cambridge, Mass. 
Westinghouse E. & M. Co., E. Pittsburgh 


PENCILS, DRAWING 
Dixon Crucible Co., J., Jersey City, N. J. 


ee akalie Corn? Now York 
e Corp., New Yor 
Ganecal Blectric Co., Schenectady, N. Y. 


ARDWARE ; 
Bsa chp? hao Co., Mansfield, O. 


N, ELECTRIC z 
PO an Clay Prod. Co., Sandusky, O. 


RECTIFIERS ; ; . 
Allis-Chalmers Mfg. Co., Milwaukee, Wis. 
General Electric Co., Schenectady, N. Y. 
Int’nt’l Tel. & Radio Mfg. Corp.. New York 
Westinghouse E. & M. Co., EB. Pittsburgh 


REELS, PAYOUT & TAKEUP i 
Matthews Corp.. W. N., St. Louis 


REGULATORS, VOLTAGE __. 3 
Allis-Chalmers Mfg. Co.. Milwaukee, Wis. 
General Electric Co.. Schenectady, Na Ne 
General Radio Co., Cambridge, Mass. 
Roller-Smith Co., Bethléhem, Pa. 

Sola Electric Co., Chicago, Ill. 
Westinghouse E. & M. Co., E. Pittsburgh 


RELAYS i 
General Electric Co., Schenectady, N. Y. 
I-T-E Circuit Breaker Co., Philadelphia 
Roller-Smith Co., Bethlehem, Pa. 
Weston Elec. Instrument Corp., Newark. N. J. 
Westinghouse E. & M. Co., E. Pittsburgh 


RESISTORS 
General Electric Co., Schenectady, N. Y. 
General Radio Co., Cambridge, Mass. _ 
International Resistance Co., Philadelphia 
Ohmite Mfg. Co., Chicago 
Sprague Specialties Co., North Adams, Mass. 
Westinghouse E. & M. Co., E. Pittsburgh 


RHEOSTATS, LABORATORY 
General Electric Co., Schenectady, N. Y. 
General Radio Co., Cambridge, Mass. _ 
International Resistance Co., Philadelphia 
Ohmite Mfg. Co., Chicago ; 
Westinghouse E. & M. Co., E. Pittsburgh 


SHEET METAL PRODUCTS ae ‘ 
Kirk & Blum Mfg. Co., The, Cincinnati 


SWITCHBOARDS ( 
Allis-Chalmers Mfg. Co., Milwaukee, Wis. 
General Electric Co., Schenectady, N. Y. 
I-T-E Circuit Breaker Co., Philadelphia 
Roller-Smith Co., Bethlehem, Pa. 
Westinghouse E. & M. Co., E. Pittsburgh 


SWITCHES, AUTOMATIC TIME 
General Electric Co., Schenectady, N. Y. 
Minerallac Electric Co., Chicago 


SWITCHES, DISCONNECT 
General Electric Co., Schenectady, N. Y. 
Matthews Corp.,W. N., St. Louis 
Roller-Smith Co., Bethlehem, Pa. 
Westinghouse E. & M. Co., E. Pittsburgh 


SWITCHES, GENERATOR FIELD 
I-T-E Circuit Breaker Co., Philadelphia 
Roller-Smith Co., Bethlehem, Pa. 


SWITCHES, SERIES LIGHTING 
Matthews Corp., W. N., St. Louis 


SWITCHGEAR HOUSINGS 
Kirk & Blum Mfg. Co., The, Cincinnati 


TOWERS, TRANSMISSION 
American Bridge Co., Pittsburgh 


TRANSFORMERS 
Acme Elec. & Mfg. Co., Cuba, N. Y. 
Allis-Chalmers Mfg. Co., Milwaukee, Wis. 
Chicago Transformer Corp., Chicago, IIl. 
Ferranti Electric, Inc., New York 
General Electric Co., Schenectady, N. Y. 
General Radio Co., Cambridge, Mass. 
Kuhlman Electric Co., Bay City, Mich. 
Roller-Smith Co., Bethlehem, Pa. 
Sola Electric Co., Chicago 
United Transformer Co., New York 
Westinghouse E, & M. Co., E. Pittsburgh 


TURBINES and TURBINE GENERATORS 
Allis-Chalmers Mfg. Co., Milwaukee, Wis. 
General Electric Co., Schenectady, N. Y. 
Westinghouse E. & M. Co., E. Pittsburgh 


VARNISHES, INSULATING 
Dolph Company, John C., Newark, N. J. 
General Electric Co., Bridgeport, Conn. 
Irvington Varnish & Ins. Co., Irvington, N. J. 
Westinghouse E. & M. Co., E. Pittsburgh 


WELDERS, ARC 
General Electric Co., Schenectady, N. Y. 
Westinghouse E. & M. Co., E. Pittsburgh 


WELDING WIRE 
American Steel & Wire Co., Cleveland, O. 
General Electric Co., Schenectady, N. Y. 


WIRES AND CABLES 
Aluminum Co. of America, Pittsburgh 
American Steel & Wire Co., Cleveland, O. 
Belden Mfg. Co., Chicago 
Copperweld Steel Co., Glassport, Pa. 
Crescent Ins. Wire & Cable Co., Trenton, N. J. 
General Cable Corp., New York 
General Electric Co. Schenectady, N. Y. 
Kerite Ins. Wire & Cable Co., New York 
National Elec. Products Corp., Pittsburgh 
Okonite Company, The, Passaic, N. J. 
Okonite-Callender Cable Co., Passaic, N. J. 
Roebling’s Sons Co., John A., Trenton, N. De 
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A Message of Confidence 


JUNE 1942 


1 hee war has brought many changes to the Bell 
System. The nation needed telephone facilities 
in new places. It needed more facilities in the 
usual places. It needed all facilities in a hurry. 

Shortages of essential materials brought new 
problems and new achievements in research 
and in manufacturing. Telephone calls in- 
creased about ten million a day. 

Yet all this has been done without great 
change in your telephone service. Millions of 


subscribers have felt no difference. The record 


as a whole has been good. That is the way it 
should be and the Bell System aims to keep 
it that way. 

But when war needs delay your call, when 
you can’t get just the service or equipment you 
need, let’s put the blame right where it belongs 


on the war. 


BELL TELEPHONE SYSTEM 


SERVICE TO THE NATION IN PEACE AND WAR 
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Ep M is for Preventive Maintenance, a 
. 7 e 


” 
periodic use of “MEGGER 
{ insulation in gencra- 


her electrical equipment. Incip- 


term which aptly covers the 
Testers for checking the condition 0 
tors, wiring, motors and ot 
jent insulation troubles are 
and corrective measures can bet 
occur. As a consequence, damage or destruct Som 
equipment is prevented and pices production eth, 
Preventive Maintenance 1s obviously more p she 
ng insulation to break down—and then ho 


thereby detected and isolated... 
aken before major failures 
on of valuable 


saved. 


than permittir 
Post Mortem to determine the cause. 


familiar with the “MEGGER” Testers 


t likely have one in your plant. 
It is vour ounce of prevention 


If you are already 
and what they do, you mos 
Plan to use it systematically. 
against costly electrical breakdowns. 


al of “MEGGER” Practice? 


ket Manu 
Do yout have oa eer gf Manual No, 1420-EE. 


If not, write for a free copy 


JAMES G. BIDDLE co. 


1211-13 ARCH ST. ° PHILADELPHIA, PA. 


ele 


TRADE MARK REGISTERED US FAT OFF 


Insulation Testers, Ground Testers and Ohmmeters 
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How Much Suspension Insulator Should | Buy? — 


USERS CAN ANSWER THAT QUESTION BY 
WEIGHING THE COST AGAINST THE 
MECHANICAL CHARACTERISTICS OF UNITS 


Practically all high-voltage suspension 
insulators fall into three classifications— 
11,000-Ib. standards, 15,000-Ib. standards 
and 15,000-lb. Huskitypes. As indicated 
in the accompanying table of values for 
typical units in these classes, no one insu- 
lator has an electrical advantage. And that 
means a selection must be based on price, 
load requirements and breakage resistance, 
the latter involving a consideration of 
probable damage from rough handling, 
falling objects, rock throwing and gun fire. 
If a load capacity of 5,500 Ibs. is sufficient 
and the projected line is for an area where 
malicious damage is not a problem, then 
11,000-Ib. standard units will be suitable. 
For loads up to 7,500 Ibs., however, it will 
be necessary to use one of the two types 
of 15,000-Ib. insulators. Huskitypes have 
higher breakage resistance than 15,000-lb. 
standards, and their extra cost is a sound 
investment for areas where standard units 
would call for frequent replacements. 
While the three insulator classes vary in 
breakage resistance, it should be remem- 
bered that all of O-B’s present suspensions 
are much stronger than their predecessors. 
In fact, the M & E ratings now are their 
minimum strengths, an increase offering 
25 per cent more load ca- 
pacity. To benefit from 
this extra strength, be sure 
when ordering suspension 
insulators to specify O-B. 
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Canadian Ohio Brass Co., Ltd., Niagara Falls, Ont. 


Comparative Values for Three Major 
Types of Suspension Insulators 


Standard Standard Huskitype 
11,000-Lb. 15,000-Lb. 15,000-Lb. 
M&E Unit &E Uni 


M&EUnit M nit 
(No. 29210) (No.32440) (No. 34500) 


Electrical values About the same for all three 


Minimum mechanical strength 731% 100 100 
Usable load capacity 7314 100 100 
Resistance to breakage 94 100 142 
Comparative price per unit 95 100 105 


STRENGTH MARKINGS TELL 
YOU WHAT YOU HAVE 


@ 0-B now marks the M & E rating (the 
minimum strength of O-B insulators) on the 
cap of every 10-inch suspension. This mark- 
ing system saves the time of linemen and 
storekeepers in identifying similar-appearing 
units, prevents getting improperly rated insu- 
lators on a line, allows performance to be 
checked against ratings after the insulators 
have seryed a number of years, and helps in 
salvaging insulators for re-use should a line 
be moved or altered at any future time. 


